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This thesis is addressed to the problem of determining 
optimal precision fire methods for the Field Artillery. 
The current precision fire technique has been in use by the 
Fieid Artillery sindeblosi. Because of the general accep- 
tance that the method works, the procedure has remained 
relatively unchanged for 32 years; no documented evidence 
of previous efforts to establish an analytical basis for 
the procedure apparently exists. Employing the methods of 
stochastic approximation, the theoretical foundation for 
the current procedure is established. Using the developed 
theoretical foundation of the current precision fire method, 
a simplified, more efficient procedure is developed. In 
addition, an optimal precision fire procedure to be used 
when forward observers are equipped with laser range finders 
1s presented. The procedures are compared analytically and 
through computer simulations to arrive at conclusions 
regarding Seapintencae accuracy and economy of ammunition 


expenditures. 
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EXECUTIVE SUMMARY 


The current field artillery precision fire technique 
for registration and destruction, as described in Field 
Manual FM 6-40, has been in use since 1941. Procedurally, 
it has remained relatively unchanged for 32 years because of 
the acceptance that it “works". .It appears that no documen- 
ted efforts have heretofore been made to establish an 
analytical basis to explain how well the procedure should 
work, Using a stochastic approximation analytical model of 
the current procedure, along with computer simulation test- 
ing, the following conclusions were reached: 
1. The current precision fire procedure as described in 
FM 6-40 is not optimal in achieving registration accuracies 
or target hits. 
2. Using the assumptions of the current procedure, a 
Simple alternative adjustment technique is developed. 
Rather than making adjustments after firing a group of 
rounds, a correction to firing data is made after each 
mound is fired, This method was found to be superior to the. 
current 6-40 procedure in the following respects: 
a. The precision fire procedure is considerably 
Simplified. 
b. For the same ammunition expenditure, greater 
accuracies in adjusted registration data ie achieved. 
Cc. The procedure is less sensitive to observer 


Spot errors. 





d. The artillery commander can tailor his registra- 
tions to the accuracy needs of his mission. The current 
procedure does not have this flexibility Since adjusted 
data is based on six round groups. 

e. Adjusted registration data can be further 
refined by considering graze bursts of time registrations. 

f. For destruction purposes, approximately 10% 


fewer rounds are needed to attain a target hit. 


3. Considerably greater accuracies can be achieved 
using a second alternative procedure, provided observer 
errors are of a certain nature. Such might be the case for 
an observer equipped with a laser range finder. The proce- 
dure is similar to the one discussed above in that an 
appropriate firing data correction is applied after each 
round is fired. Rather than having the observer spot OVERS, 
SHORTS, LEFTS, and RIGHTS, estimates of miss distances are 
used in the calculation. For the laser range finder equip- 
ped observer precision fire procedure, the following 
conclusions were reached on this alternative method: 

a. The procedure is theoretically optimal under 
certain fairly broad conditions. 

b. For an expenditure of less than half the rounds, 
equivalent registration accuracy with the FM 6-40 procedure 
is achieved. 

c. The procedure minimizes the number of rounds 


needed to achieve a target hit. In comparison with the 





current procedure, approximately 1/3 fewer rounds are needed 
to achieve a target hit. 

d. The procedure was found to be generally insen- 
sitive to angle T, slant range, laser calibration, observer 
location, minor gun crew and reasonable observer lasing 
errors. 

4. If the time to destroy a target is critical, an 
appropriate method of engagement appears to be by battery 


volley fire, rather than by single howitzer. 





ieee ODUCT LON 


The purpose of this thesis is to compare the current 
precision fire doctrine of the US Army Field Artillery with 
two alternate procedures; the first procedure to operate 
under the same system capability assumptions of the current- 
ly employed procedure, and the second to take advantage of 
the capabilities of observers equipped with laser range 
finders. In view of acquisition of new hardware, particu- 
larly the laser range finder, and statistical sampling 
theory developments since the inception of the current 
doctrine, it is hypothesized that the current precision 
fire procedure may not be the most accurate ox economical in 
time and ammunition expenditure, nor the most tractable from 
user viewpoint in achieving desired results. 

In the context of this study, precision fire will encom- 
pass only precision registration and target destruction 
procedures. Only the former will be subjected to a thorough 
analysis. Target peeeae on procedural comments will be 
general in nature and lead directly from the analysis of 
precision registration results. 

Field artillery doctrine demands timely and accurate 
delivery of fire to meet the requirements of supported units 
in combat. To be effective, such fire must be of suitable 
density, accuracy and timeliness. To achieve maximum effec- 


tiveness, and the greatest demoralizing effects on the enemy, 
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accurately delivered massed fire without prior adjustment 
onto target is necessary. 

To achieve the capability of accurate surprise mass 
fire, the target area and the howitzer positions must be 
surveyed on a common reference grid. Additionally, correc- 
tions for all nonstandard conditions which may affect the 
projectile trajectory must be found if any semblance of 
accuracy is to be achieved. Nonstandard conditions include 
such variables as small inaccuracies in survey and firing 
charts, atmospheric conditions, and tube wear of the cannon. 
To account for all errors which may result from nonstandard 
conditions, a precision registration is conducted. 

Ducting ConbatmoDpelLatmiomss, tixed targets such ais £0outifi- 
cations and bridges are encountered which may require 
neutralization either to impede the enemy's movements or to 
aid our own. Artillery in support of ground forces is the 
most responsive fire support means and as such is often 
called upon to neutralize or destroy such targets. Although 
prior precision of survey of the target is not essential, 
the requirement for precision in firing, sequential estima- 
tion of adjustment corrections to be applied during firing, 
and the time to achieve target neutralization is essential. 

Section II will describe in basic terms the current 
FM 6-40 precision fire doctrine. By FM 6-40 precision fire 
doctrine the author implies the forward observer controlled 
precision registration and destruction missions as described 


in Chapter 19 of Ref. 14. The current FM 6-40 precision 


alae 





fire procedure has been employed by the U.S. Army Field 
Artillery since 1941 (Ref. 16). Although the procedure has 
been used essentially in the same form by the field artil- 
lery for the past 32 years because it "works", it appears 
that no attempts have been made to justify the method 
statistically to explain precisely why- the procedure should 
work and to provide an insight into some of the procedure's 
shortcomings. Possibly the most significant contribution 
of this thesis may be the development in Section III of the 
theoretical basis of the FM 6-40 procedure through the 
Stochastic Approximation Theory, first introduced by 
Robbins and Monro in 1951 (Ref. 12). Using this theoretical 
development as a base, a presentation of some major short- 
comings of the current procedure is made. In addition, the 
theoretical foundation for a new precision fire procedure 
using the same system's capability assumptions as the 
FM 6-40 procedure is presented 

Section IV describes the proposed precision fire proce- 
dure and compares the relative accuracies of precision 
registration data He. the FM 6-40 procedure through a 
computer systems simulation using identical parameter in- 
puts. In the same section a proposal is made for target 
destruction method when the time to achieve target destruc- 
tion is critical. 

Section V describes the precision fire procedure, first 
recommended by Grubbs in 1953 (Ref. 8), to be used if the 
observer is equipped with the laser range finder. Conclu- 


sions and recommendations are presented in Section VI. 


eZ 





Meee URRENE PRECISION FLIRE™IECHNINUES 


A. GENERAL 

Both the precision registration and the destruction 
mission are characterized by two firing phases, an adjust- 
ment and a fire for effect (FFE) phase. The adjustment 
phase attempts to make crude estimation of the target 
center location by bracket halving techniques using a 
Single howitzer firing one round at a time. The FFE phase, 
following an established algorithm, applies successively 
finer corrections to data until a predetermined number of 
rounds have been fired for registration correction data, or 
until target neutralization has been achieved. The data 
computed at each step of precision fire procedure, when 
applied to the fire control instruments on the howitzer, 
determine an aim point around which the rounds fired at 
those settings will impact. Where the rounds will actually 
burst depends upon the ballistic distribution pattern. The 
parameters of eves alalsicog used by the field artillery for 
the bivariate normal distribution of the fall of shot are 
expressed a terms of probable errors in range (PER) for the 
range component and probable errors in deflection (PED) for 
the deflection Eee ee One probable error is equivalent 


mor .0/745 Standard deviations. 


B. THE CURRENT REGISTRATION PROCEDURE 
The base piece of the battery, normally the howitzer 


which is closest to the mean velocity error of all the 
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battery's howitzers, fires the precision registration. The 
registration point 1s a specially selected target which is 
readily identifiable by the forward observer (FO), centrally 
located within the battery target area, and permanent or 
semi-permanent in nature. The registration point and the 
base piece are located by survey. 
1. Adjustment Phase 

During the adjustment phase, the forward observer 
makes appropriate range corrections to attain successive 
range brackets of the target, and enters into the fire for 
effect phase when a 100 meter bracket in range has been 
achieved and halved. A bracket in range exists if and only 
if the last burst observed and the immediately preceding 
observed impact landed one short and one over the target as 
seen by the observer. The corrections for deviation, for 
those impacts occurring left and right of the target, are 
handled differently. In this instance the observer requests 
corrections to nearest 10 meters after each burst, attempt- 
ie to adjust the next impact onto the observer target line. 

The sueusdive o£ using bracket halving techniques 
to adjust for range, and adjustment to nearest 10 meters to 
correct for deviation, are based on the assumed forward 
observer capabilities in estimating burst miss distances in 
relation to the target if equipped only with binoculars. 
The underlying assumption seems to be that an observer is 
unable to estimate range miss distances with “reasonable 
accuracy" (apparently unsupported by any extensive experi- 


mentation) whereas deviation miss distances can be 
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estimated through thesuse of the mil iscale in the reticle of 
the forward obsexvers field glasses. ~ The deviation is 
obtained by the formula W=RM, where W is deviation in 
meters, Ris the range to target in 1000 meter units, and M 
is the number of mils the observed impact occurred left or 
right of the target. 
2. Faresron Effect’ Piaise 

During the fire for effect phase, the fire is 
adjusted by the fire direction center based on the observer 
spots of the impact of the rounds in PP ation to the target. 
The observer reports only if any single round has struck 
over, short, left, or right of the target. The fire direc- 
tion center converts the observer burst spots from the 
observer target to the gun target coordinate system using 
appropriate tabulated conversion factors. | 

The procedure for estimating the target center 
location in range is as follows: 

a. A FORK bracket is established. A FORK is the 
number of mils in elevation needed to move the impact of a 
round in range Be iduvail One to 4PER (range probable errors). 
The values of FORK are tabulated for fire direction use. 

b. A sufficient number of rounds are fired at the 
mean of the FORK bracket to achieve 3 positive fire direc- 
tion range spots; that is, the 3 rounds in the gun target 
coordinate system must be judged to have struck over and 
Short of the target. 

c. 2 positive fire direction range spot rounds are 


attained at the appropriate end of the FORK bracket which is 


> 





Opposite to the preponderance of overs and shorts at the 
FORK bracket mean. To clarify, suppose that at the mean of 
the FORK bracket 2 of the 3 rounds were determined to have 
struck short of the target. The next group of 2 rounds 
would be fired at that data at which a spot of over in 
establishing the FORK bracket was achieved. 

d. The estimation of the target center location is 
based on the six positively spotted fire direction rounds 
which were fired in two groups of three rounds each at data 
3FORK apart. The appropriate correction to be applied is 


computed by the following “preponderance" formula: 


VLonOnR Tse] OVERS ) ORK 
CORRECTION = 


2 (NUMBER OF ROUNDS USED) 
where the number of rounds used is 6. 

The computed correction is applied to the mean of the $FORK 
bracket at which the two groups of three rounds were fired. 

The decision rules for determination of range were 
presented without taking into account the attainment of a 
target hit. A target hit is treated as a simultaneous over 
and short spot, but the modifications to the algorithm as a 
Beet DICOU SUG Cl aislOume ic. bal CO Cuan meal OMe Om. the 
Phases of the registration tend to be somewhat complicated. 
For a complete treatment the interested reader is referred 
to Chapter 19, Ref. 14. 

The procedures for estimating the deviation of the 
target sank ae are considerably less complicated primarily 


due to the small PEDs encountered. Je Sel Vee esl ey mone (epmmeler 


phase, corrections to deflection are made after each round 
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is spotted to have impacted left or right of the target. 
The correction to be applied to the initial round is a 
function of the gun target range and the acute angle (T) 
subtended by the intersection of the observer target and 
the gun target lines at the theoretical target center. The 
values of initial deflection corrections are again tabulated 
for fire direction center use. Successive bracket halving 
techniques are employed until the decision is reached that 
appropriate deviation corrections have been achieved. 
Deflection is considered correct when one of the following 
conditions exists: 
a. there is a target hit 
b. there is a split of a two mil deflection bracket 
Gameenerec@ake Geflection spottings of left and rieht 
from two rounds fired at same deflection setting 
d. there are deflection spottings of left and right 
from two rounds fired at deflection settings one 
mil apart. 
Unlike the procedures for range corrections, where only the 
rounds in the fire for effect phase are considered, deflec- 
lon correction procedure requires examination of rounds 
fired in the pesuetmene phase. If the correct deflection 
has not been achieved by the time range correction has, and 
if a deflection bracket is established, the established 
deflection bracket is halved to provide the adjusted deflec- 
tion. If no deflection bracket exists, then a deflection 
Dracket is° "forced and half of that bracket is used as 


the Correct deflection. One should be aware that 


Le 





Situations may arise, due to the angle T, where positive FDC 
deflection spots are difficult to achieve. The conversion 
tables for translating observer sensings to gun target 
spots do not differentiate between impacts left or right of 
the target. Further comments regarding this situation will 
be made in Section IV. 
3. Adjusted Time Phase 

In addition to determining corrections for range 
and deviation, corrections to time settings for time fuses 
to achieve a O height of burst at the registration point 
are desired. The procedure for estimating corrections to 
the time of flight in essence is a sequence of observations 
of time fused rounds at trial time settings to achieve a 
Naxture Of aix bursts and ground bursts.» The howitzer 
quadrant elevation employed is the adjusted quadrant eleva- 
tion described in paragraph 2. Although this phase of 
precision registration will not be analyzed, it is mentioned 
because information from this phase could be employed to 
achieve further refinements to adjusted elevation data. The 
current procedure ewe ground burst information only if 
adjusted deflection has not been achieved. Additional com- 


ments regarding this will be made in Section IV. 


meeeluk CURRENT TARGET DESTRUCTION PROCEDURE 

The procedure for target destruction is precisely the 
same as described for precision registration through the 
co trainment of the first adjusted data for range. If a 


deflection correction has not been attained, deflection 
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corrections will continue to be applied on successive rounds 
until the listed rules a through d previously mentioned have 
been met or target neutralization results, whichever occurs 
first. The danger of terminating consideration of deflec- 
tion corrections with each round fired, if the criteria for 
precision registration is employed, will be discussed in the 
treatment of proposed procedures. 

After the attainment of the first adjusted data, succes- 
Sive groups of six fire direction center positive range spot 
rounds are used to compute succeeding data corrections until 
the target is neutralized. Each six round group is fired at 
the most current adjusted elevation data. Subsequent 
corrections, after each six round group, are computed on the 


basis of the stated “preponderance" formula: 


{SHORTS-OVERS) FORK 
(2) (0) 


where 'n' indicates the nth adjusted data correction or the 


CORRECTION=(1/n) 


nth six round group considered. Note that the adjusted data 
for the precision registration was computed with n equal to 
i. If after the fourth iteration a target has not been 
neutralized, n retains the value of 4 for each succeeding 


Six round group refinement. 
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Miter OkKE TTCAL BASIS FOR CURRENT PRECISION FIRE PROCEDURES 


This section will analyze the theoretical basis for the 
current precision fire procedure as outlined in FM 6-40 
(Ref. 14), and provide a theoretical foundation for proposed 
modifications. Only those portions pertaining to the esti- 
mation of range corrections will be treated. In comparison 
with range errors, deflection errors are nearly always 
insignificant, witn the ratio of drobabile error in range 
(PER) to the probable error in deflection (PED) on the order 
of 7 to 1. No proofs will be given. Verification of speci- 
fic results quoted from literature was accomplished through 
Monte-Carlo computer simulations. Since the final results 
of this thesis will, for the most part, be based on direct 
computer simulation comparisons of all competing procedures, 
computer verification of literature provides the basis for 
the validity of the computer models employed. For those 
readers interested in full analytical developments of 
results quoted, ete dene de will be listed. 

Thosestamilivar witth stochastic fapproximation theory “and 
the published works of Robbins and Monro (Ref. 12), Block 
(Ref. 2), Chung (Ref. 4), Hodges and Lehman (Ref. 9), and 
Cochran and Davis (Ref. 5) will readily recognize the quoted 
“pbreponderance"™ formula as being the Robbins-Monro Stochas- 
tic Approximation Technique using a six round sample at each 


level considered to estimate the .5 quantile response level. 
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In terms of artillery precision fire it 1s the estimation of 
that data which when applied will cause any round fired to 
have equal probability of striking over or short of the 
target center. If the aim point data corresponding to the 
mean of the normal baliistic distribution can be made to 
coincide with the theoretical target center, then all cor- 
rections to nonstandard conditions will have been achieved. 
Furthermore, this data will also provide the maximum single 
shot hit probability of a target. The probability of 
achieving a hit on a target for any given normal ballistic 
distribution is directly dependent on the actual aim point 
location; the closer the aim point or the mean of the 
ballistic distribution is to the target center, the greater 
the probability of attaining a hit on that target. 

Robbins and Monro (Ref. 12) introduced a method of 
stochastic approximation for estimating any Lp, the level at 
which the probability of attaining a “positive response" is 
p. In terms of artillery precision fire, the positive 
response iS a gun-target line OVER spot, and Ly corresponds 
to the howitzer sThewaui te setting at which the probability 
of attaining an OVER spot is p. A series of observations y, 
1s taken at levels x, such that after n trial observations 


the ntlst estimate of Ly is determined recursively by 


eel a x, 7a, (¥,7P) 


1 if nth observation is "positive response” (OVER) 


O if otherwise 
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ay 
{] 


an appropriate sequence of positive constants 


* 
HH 


the level (howitzer elevation) at which y, was 
attained 
If y,1is one, the next observation is taken at a lower level, 
and if y, 1s zero, the next observation is taken at a higher 
level. The constants a, are chosen to-depend on n such that 
successive changes of level become smaller and the estimates 
Or Ly converge to the true value of L,- 
Block (Ref. 2) proposed a modification of the Robbins- 
Monro iterative procedure by recommending that instead of 
taking a single observation at each level, the same results 
may be obtained by taking several observations at any single 
level before making a correction in the estimation of Ly: 
imcmeides 1S that it may cost less to take several opserva-— 
tions at any one point than the same number of observations 
at different points. If the procedure were to be used in 
bioassay to estimate LDsg, (the lethal dose which would on 
the average produce 50% deaths), of a particular drug on a 
number of laboratory animals, then time would be saved if 
several animals ponld be given the drug at a particular 
dosage level simultaneously since the effects of the drug 
tested may take some time to achieve a reaction from the 
animals. However, as will be noted later, taking several 
samples at a single level could produce adverse effects in 
estimating LDgg if the total sample size is small. 


The method described by Block for estimation of LD 9 in 


bioassay with more than one animal at any level is precisely 
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the same as used by the current precision fire procedure in 
estimating firing data which would place the mean of the 
ballistic distribution at the actual target center. In 
terms of the artillery problem, Block's modification of 
Robbins-Monro recursive form for the (n+1)S* approximation 
of the target center firing data may be defined inductively 


by the following formula: 


M 


NIH 


ie 
(a=t 
6 


) 


An +1 =X -an 


where: 
St : ; 
ee eee (tig) approximation of the target center 


aim point 


th ; 
ne = the n approximation of the target center aim 
point 
an = a suitably chosen set of constants, in this 


case FORK/n 
yn _ _th ; eg : 
e = the 1 ObServVvatlonmeat che le sleil  Wileveve(e 


1 if impact observed to strike over target 


Y.= 
aL i 
O if impact observed short of target 


To show that the Robbins-Monro recursive form as des- 
cribed by Block with a, =FORK/n provides the same results as 
the FM 6-40 “preponderance™ formula, consider the following 
example. Let us assume that as a result of firing a six 
round group at a quadrant elevation of 300 mils, 4 rounds 
were observed to impact over and 2 short of the tect. Let 
us further assume that this is the second six round group 


Peminice Valier OLeFORK ii twelve milis. The’ data to fire the 
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third six round group using the Robbins-Monro and the 
FM 6-40 preponderance formula is as follows: 


1. Robbins-Monro Method 


FORK 
me 





OA 
! 
Nl] 
ad 


NEW ELEVATION = FIRED ELEVATION - 


H 


2a. 
LS) Sao a 


299 mils 


2. FM 6-40 Preponderance Method 


SHORTS- OVERS ) FORK 


FIRED ELEVATION + (SHORTS-OVERS 
2S), 2 


NEW ELEVATION 





300 +35 ‘eas 


299 mils 

Any other combination of overs and shorts will produce 
identical results for both recursive forms. To see this, 
let's rewrite the two correction formulas in terms of OVERS 
and SHORTS. Recalling that Robbins-Monro inductive correc- 
tion formula considers only OVERS, we want to show that for 
any number of rounds considered, equality is retained. We'll 


start with the Robbins-Monro form: 





-~FORK ,#OVERS - 1/2) _ -FORK (2 (#OVERS) - #OBSERVED ) 
n  ‘#OBSERVED - n 2(#OBSERVED) 


since #OBSERVED = #OVERS + #SHORTS, we get 


-FORK (#OVERS - #SHORTS) FORK (#SHORTS - #OVERS) 
n 2 (#OBSERVED) n 2(#OBSERVED) 


and this is the FM 6-40 preponderance formula. 

Having shown that the method of precision fire as 
described in FM 6-40 is the Robbins-Monro type multisample 
technique for determination of the .5 quantile response 
level, properties developed for the Robbins-Monro procedure 


will be applicable to precision fire procedure. The 
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theoretical results which are to be presented were extracted 
from Cochran and Davis (Ref. 5), except where noted and 
where modified by the author to make them applicable to the 
artillery problem. 

The conditions under which the estimates of the mean 
aim point converge to the actual mean -(the true target 
center) in mean square with probability 1 are discussed by 
Robbins and Monro (Ref. 12), Wolfwitz (Ref. 13), Blum (Ref.3) 
and Kallianpur (Ref. 11). Hodges and Lehman (Ref. 9), 
extending the findings of Chung (Ref. 4) who investigated 
the asymptotic convergence of the Robbins-Monro procedure, 
recommend that the recursive constant to be used in the 
quantal response problem should be Bh eye 

Following is a set of results quoted from Cochran and 
Davis (Ref. 5) regarding the asymptotic distribution of the 
estimates which are pertinent to our analysis: 

1. The estimate of the actual target center @ becomes 
normally distributed about the actual target center u with 
variance c“/4mn (2¢f-1) where £ 1s the ordinate of the 
underlying normal pee e Gistrabution at 1tS median, n is 
the nth level, and m the number of samples observed at each 
level. For the above relationship to hold, it is required 
that c be greater than 32. 

2. From 1 above, then, the best step size c in terms of 
asymptotic convergence properties should be c=1/f, giving a 
minimum variance of 5 nee - 

See Om the normal underlying distribution iss ; 


which leads to the result that the optimum step constant 


25 





should be c=0/27 = 2.50662 With this step constant the var- 
jance of the estimate of the target center after n trials 
and m observations at each trial equals 76°/2mn. 

4, Not using the optimum step constant c but using 
another step constant c' has the effect of multiplying the 
minimum asymptotic variance by a factor of Eo) (2c ye where 
m=c'/C. 

5. the distribution of the estimated target mean about 
the actual target center location,-after n trials and m 
observations at each trial, will tend to be normally 

“7 o* 
2 e= 12) 21 


Variance fired at the fixed elevation corresponding to the 


distributed N(O ) iver 1 “Tee saleltliciel joMmeacohabere: 
estimated target center location. 

using results 1 through 5, the accuracy of the current 
registration procedure can now be analyzed. A measure of 
accuracy often used to assess the capability of an artillery 
procedure is the expression of the expected absolute miss 
distance as a function of the probable error in range (FER). 
For the current registration procedure the parameter values 
applied to the theoretical distribution of the estimated 
target center location are, r“/(2r-1)=1.005, n=1, and m=6, 
where m is the number of rounds used to estimate the 
corrections to be applied to place the aim point at the 
target center location. To see that r“/(2r-1)=1.005, recall 
that the step constant used in the current precision fire 
procedure is 1 FORK. 1 FORK = 4 PER; 1 PER = 0.67450 > 
FORK = 2.704 = 2.7/2.506 > r*/(2r-1) = 1.005, concluding 


that for all practical purposes the current procedure 
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uses the optimum step constant. Reviewing briefly the pro- 
cedures employed in the fire for effect phase, the following 
steps are taken: 

1. A FORK bracket is established 

2. Three rounds are fired at the mean of the estab- 
lished FORK bracket. 

3. Based on the number of rounds which impacted over or 
short in 2, two additional rounds are fired at the appropri- 
ate FORK bracket data which is opposite to the preponderance 
of overs and shorts. 

4, The “preponderance™ formula is applied to the mean 
of the 4 FORK bracket at which the two groups of three 
rounds were fired. The assumption is that the two groups of 
three rounds = FORK apart may be treated as if all six 
rounds were actually fired at the mean of the 5 FORK bracket. 
Treating the two groups of three rounds as if all six were 
fired from the mean of the 5 FORK bracket has the effect of 
increasing the round to round variance by feeRiee this 
follows directly from the fact that the mean of the 5 FORK 
bracket aS lek Eo ee from the aim points of the two 
groups of three rounds fired at the ends of the 3 FORK 
bracket. The actual variance instead of sen Gr 1s now 
oO” +(PER)*. Recalling that .67450= PER, the effective 
variance in terms of PER becomes 

VAR. ¢¢ = 3-1980 PER®. 
With this effective variance, the variance of the aimpoint 
Sstrabution after the completion of firing is 


-, /h 2 2 
PATE = TL) SeeLOSGOMErL 2 =8O-Gos7eereR ; 
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The expected absolute miss distance can be calculated by 
using the relationship that E“( {XI ) = (2/77)V(X) where 

E~( {XI ) is the expected absolute value of X, squared, and 
V(X) is the variance of X. The expected absolute miss 
distance (ABS MEAN) in terms of FER is then, 


OY 7 AUOROSd 2 EEE Ra 


O27 720 In FER, 


ABS MEAN 


Accounting for use of non-optimal step size, 
ABS MEAN@— 0.7317 FER for all PER, 

The conclusion then is that the mean absolute miss distance 
in range achieved as a result of the current FM 6-40 
Seoccoure 1s 0.7317 PER for all PER fired. Ref. 17, conduc- 
ted by the Gunnery Department, U.S. Army Field Artillery 
School, calculated the absolute mean miss distance to be 
0.6558 PER. A close scrutiny of the method employed in 
achieving the analytical results reveals that error may have 
been committed because of the nature of discrete approxima- 
tion used in that study. Computer simulation analysis 
based on 1000 and’'10000 replications of the current regis- 
tration procedure using FER Vodwes On 7 LSiaezO,027, ,and, 34, 
gave a range for the absolute mean miss distances of 0.725 
ime. /35 PER, | 

In their investigation of the Robbins-Monro technique 
for the estimation of the mean lethal dose (LD,,) of a drug, 
Cochran and Davis discuss the performance of the procedure 
if only a small experimental sample size is used. Since the 
asymptotic properties of the Robbins-Monro procedure (for 


large n) are well documented in literature, they wanted to 
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know how well the technigue would work if n were 50 or less. 
The questions they sought to answer, pertinent to the study 
of the precision fire procedure as described in FM 6-40, 
were the following: 

1. Do the asymptotic properties ascribed to the 
Robbins-Monro procedure hold if the sample size used is 
small? In other words, does the distribution of the esti- 


Nawemometne Mean about the actual mean continue to behave tas 


ro * 
2nm 


"optimal" step constant is used ( C = 2.5060)? 





though it were normally distributed N(O, ) when the 

2. How sensitive is the asymptotic behavior to the 
selection of a non-optimal step constant? 

3. Given a small experimental sample size, what pre- 
cision in the estimate of the mean can one expect if one, 
two, or more samples are examined at each level? 

4. How sensitive is the accuracy of the estimate to 
errors of the initial start point? In other words, how far 
away from the true mean can the initial estimate for the 
Robbins-Monro process be and still continue to provide 
accurate results? | 

Although precise mathematical methods were employed by 
Cochran and Davis, the results to be listed here are based 
on the author's analysis through computer simulations for 
reasons already cited. Computer simulations of relevant 
applicable portions of the referenced study were in agree- 
ment. For comparison purposes, two procedures were 


analyzed. Procedure #1 (Pl), the current FM 6-40 procedure 
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already described; procedure #2 (P2) using six rounds with 


pice EOund COMnscldered at each of the max levels. 


A. EFFECTS ON ASYMPTOTIC CONVERGENCE OF SIX ROUND SAMPLE 
WITH OPTIMAL STEP CONSTANT 
‘igs Procedure FT 


AVE RCE ABSOLUTE MLSS DISTANCE = 0.730 PER 


PREDIGIED = 40.750  Fek 

Za) frocedurie FZ 
AVERAGE ABSOLUTE MISS DISTANCE = 0.620 PER 
PREDICTED = 0.608 PER 


The difference in magnitude of results between Pl and P2 
should not be surprising; the effects of treating the two 
groups of three rounds fired 1.753@ (approx. 5 FORK) apart 
as if six rounds were fired at the mean of the 1.753 0 


Piegcket Maveosbeen G1iScussed,. 


feeePEeCTS OF USING A STEP CONSTANT IWICE THE OPTIMUM STEP 
SIZE 


Only procedure P2 is considered. 


AVERAGE ABSOLUTE MISS DISTANCE = 0.709 FER 
PREDICTED = 0.699 PER 
As was stated, doubling the optimum step size has the effect 
of increasing the variance of the estimate of the mean by 
17/(2x-1) where r equals the ratio of step constant used to 


optimum step constant. The average absolute miss distance 


is increased by r//(2r-1). 
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C. EFFECTS OF USING ONE ROUND AT SIX LEVELS AS COMPARED TO 
Siew ROUNDS Ad ONE LEVEL 

Within a specified range of starting values, no signif- 
icant difference exists between one round and six levels, 
or six rounds and one level, provided the six rounds at one 
level are based on a “true™ group of six rounds observed 


originated from the same setting. 


D,. EFFECTS OF STARTING POINT ON ACCURACY OF THE ESTIMATE 

In the context of this study, a starting point may be 
defined as the initial estimate point at which the computa- 
tional Robbins-Monro algorithm begins to be applied. For 
procedure Pl the start point corresponds to the mean of the 
3 FORK bracket at which the two groups of three rounds were 
mie Cd meron Peeit 1S that point corresponding to the first 
round at which the Robbins-Monro recursive formula is 
applied. A "stable region" will be used to describe the 
range of the starting points within which the average abso- 
fee Migs distance remains nearly Constant. 

ieee rocedure FZ 

The stable region for procedure P2 using the optimum 

step constant (C = 2.5060) extended to approximately 3.5 PER 
At 4.5 PER the average absolute miss distance deteriorated 
by 20%, and 110% at 6 PER. Using a step constant twice the 
optimum (C = 5.0120) extended the eranile region to approxi- 
Mearteilveee.ss PERK; 

“eer Goceaure Pl 

The stable region for the current procedure was 


mclatavely short, extending to 2 PER. Accuracy 
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Ge@erioreated’ by 20%"for start point tatt 2.5 PER, 50% at 

3 PER, and 200% at 4.5 PER. However, within the stable 
region, unlike procedure P2, Pl showed some accuracy im- 
provement (8%) at 1.5 PER; the slight improvement recorded 
is in agreement with Cochran and Davis' findings using six 
samples at each level. 

Of the procedures investigated P2 with twice the optimum 
step constant was by far the most robust; the price for 
almost tripling the stable region by doubling the optimum 
step constant is approximately a 15% loss in the estimate of 
the actual target center location in terms of absolute 
average miss distance. Pl is very sensitive to the distance 
of the start point in relation to the target and deterior- 
ates quite rapidly when start points are more than 2 FER 
removed, 

Because of the large biases observed when the start 
point is outside the stable range, Cochran and Davis sug- 
gested a modification to the Robbins-Monro process in which 
the step constant remains equal to C until both overs and 
shorts are observed = provide a high assurance that the 
first iterative application of the recursive formula is 
within the stable range. The current precision fire 
procedure does precisely that, although in a slightly modi- 
fied form, to attain a high probability of applying the 
“preponderance” formula within a 2 PER range of the true 
target center location. ' The "efficiency" of the FM 6-40 


algorithm, if no errors in sensing over and short rounds 
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are committed, is attested to by the consistency of corres- 
pondence of computer simulation test results with those 
theoretically predicted. What perhaps 1S even more signifi- 
cant, the methods described for the current precision fire 
procedure predate the Robbins-Monro papers by 10 years, and 
the “optimality" conditions described by Cochran and Davis 
for practical applications of stochastic approximation 
theory for small samples by 22 years. Unfortunately, the 
mecOords Of the origins of the current registration procedure 
(Ref 16) do not contain a discussion of the theoretical 
basis. Additionally, the author has not been successful in 
his efforts in locating any subsequent theoretical documen- 
tation for the current procedure, for apparently none exists. 
The procedure, essentially unchanged for 32 years, has been 
accepted because it “works". The reasons why the procedure 
works, along with some of its shortcomings, have been 


mee COousSsed. 
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IV. PROPOSED PRECISION FIRE PROCEDURE FOR FORWARD OBSERVER 


POUDErED ONEY wl fi elo GLASSES 


A, GENERAL 

Only the basic essential rules for the current FM 6-40 
procedure have been discussed in Section II. The procedure 
in actual employment tends to be more complex due to other 
considerations. These considerations deal with target hit 
treatments, accounting of all over and short spots, and 
verification of data if a registration is considered to be 
suspect. If a target hit is attained in the adjustment 
phase, the requirement for establishing a FORK bracket is 
dispensed with. If a target hit occurs in establishing a 
FORK bracket, the establishment of a FORK bracket is no 
longer required. If a target hit is attained during any 
other portion of the fire for effect phase, it is treated as 
an ordinary round. In all cases, a target hineie considered 
as a simultaneous over and a short round. The logic behind 
dispensing with establishment of a FORK bracket with a 
target hit is sound. If a target hit is attained, the 
probability that the mean of the ballistic distribution is 
within 1 FORK (2.70), is P=0.993. Because of the critical 
requirement that the mean of the ballistic distribution, at 
which the “preponderance' formula is applied, be within 
2 PER of the actual target center (see Section III), a regis 


tration which gives a combination of 5 and 1 of over and 
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short spots has to be treated as suspect and normally 
mequtmes ‘vemification’ firing of additionall rounds. For 
precise procedure, refer to Chapter 19, FM 6-40. 

Because of lack of understanding of the underlying 
basis of the current procedure and the "complexities" of 
special situations (based on author's own field artillery 
experience), the field user tends to simplify these rules. 
For example, target hits are being treated as if two rounds 
were fired. The “logic"™ used is that with a target hit an 
over and a short spot is attained, and is equivalent to two 
fired rounds; this leads to inaccuracies because the preporm 
derance formula has a six round base. Cases also arise, 
although rare, where 5 and 1 combinations of overs and 
shorts are being "forced" into 4 and 2 spot combinations to 
avoid verification. The procedure of forcing a registration 
has substantial effects on the accuracy of adjusted data. 
Computer simulation results, based on 1000 replications of 
the current Breau es show that if the spot of a round 
fired at the mean of the FORK bracket is changed, the 
accuracy of the Ahead data in terms of absolute miss 
distance will be 45% worse than if the spot was not changed. 
Changing a spot of the second group of three rounds ( those 
fired at either end of the FORK bracket) produced an average 
decrement in accuracy of 35%. The reason for a greater 
decrement if a spot at the FORK mean is changed before 
firing the second group of two rounds should be obvious, for 


these spots are used to determine the 3 FORK (2PER) bracket 


a 


of the target. A changed spot will move the aimpoint at 
which the preponderance formula is applied outside the 2 PER 
stable region (discussed in Section III) where rapid deter- 
HolLatizon occurs, A lesser effect on accuracy deterioration 
occurs if the spot of one of the last two rounds fired at 
the appropriate end of the FORK bracket is changed. The 
appropriate 3 FORK (2PER) bracket is established, but. the 
correction to be applied by the preponderance formula is not 
appropriate. For example, suppose FORK=12 mils, and that a 
change in elevation of 1 mil corresponds to 10 meters in 
range. As a result of the registration, 5 overs and 1 short 
were recorded, but because of unwillingness to verify a 5 
and 1 registration the last round spot of over is changed to 
a short to give a 4 and 2 registration. The correction 
which should have been applied with 5 overs and 1 short is 
(12/24)(1-5)=-2 mils; with a 4 and 2. spots this correc- 
tion becomes (12/24)(2-4)=-1 mil. Changing a 5 and 1 to 4 
and 2 resulted in a 1O meter error in RR vs the cor- 
rections needed to place the mean of the ballistic 
distribution over the actual target center. Although other 
factors may be involved, the implications of the practice 
of changing a spot to attain “desired” results should be 
clear. 

Based on the author's artillery experiences, the "field 
eee CAatlons of the Current registration aresa direct 
result of the non-intuitive appeal of data adjustment 


procedure algorithm used in the fire for effect phase, 


36 





along with the accounting procedures for the over and short 
spots and the precise, often misunderstood, procedural rules 
which must be strictly adhered to if accuracy in adjusted 
data is to be achieved. 

In Section III, the author presented some significant 
results of using a one round base to determine the sequen- 
tial corrections to estimate the target center location. 
These were: 

1. Making a correction after spotting of each round 
extended the stable region to 3.5 PER when the optimal step 
constant is used. 

2. Using a one round base with twice the optimal step 
constant extended the stable range to 8.5 PER at a cost of 
15% reduction in accuracy as measured in terms of average 
absolute miss distance, but equivalent in accuracy to the 
current precision fire procedure, and superior to the 
Sumrent FM 6-40 procedure in the size of the stable region. 
The stable region of the current procedure was shown to be 
ES rER. 

A procedure «ieee 1S based on appropriate sequential 
eermrections to move the impact to the target after each 
round is fired should prove to be less confusing and of 
greater intuitive appeal to the field user than the current 
procedure. In addition, a precision fire procedure which 
makes successive corrections after each round is fired 
rather than waiting until six rounds have been expended 


would increase the probability of achieving a target hit if 
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used for target destruction, in the sense that the probabil- 
may e@eteacnieving a hit 2s dizectly dependant on the round to 
round variance and the location of the mean of the bivariate 
MoLmaleballastac GQistribution inguwelation to the true target 


center. 


B. THE PROPOSED PRECISION FIRE PROCEDURE 

Bascauonmethie mesults Of analysis#am Section BEL and the 
preceding discussion, the one round Robbins-Monro based 
recursive technique with a FORK base 1s recommended for 
Precision fire procedure, 

1. Basic Assumption 

The basic underlying assumption is that the best 

information about round impacts one can reasonably expect 
from a forward observer equipped only with field glasses are 
his primary quadrant spottings of bursts in relation to the 
target. In other words, he is only capable of spotting 
accurately if a round impacted over, short, left or right of 
the target. This assumption is the same as for the current 
precision fire procedure. 

2. Description of the Procedure 

The proposed procedure is divided into two phases, 

an adjustment anda fire for effect phase. The adjustment 
phase is to be conducted in the same manner as for the cur- 
rent registration procedure by entering into fire for effect 
Phase when a 100 meter bracket in range is split. In the 


fire for effect phase, a correction is made after each fire 
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direction positively spotted round until the specified 
number of rounds have been fired for the determination of 
final adjusted data. 

a. The Fire For Effect Phase Range Corrections 

A correction for rangejisjapplied after every 

fire direction center positively spotted range round (all 
OVER and SHORT spots). The correction is applied in 
Opposite direction of the spot; that is, if the fire direc- 
tion range spot is OVER, the calculated correction is 
subtracted from the quadrant elevation at which the round 
Giving an OVER spot was fired. In general the recursive 


algorithm for calculation of corrections for range is: 


FORI 
CORRECTION = as (Y) 
=I9if*FDC range spot 1s OVER 
where: Y = 
+] if FDC range spot is SHORT 
n = the nt? effective positively sensed range round 


The correction for first fire for effect positively spotted 
range round is to be FORK/k where k represents the number of 


rounds considered from the adjustment phase, specifically: 


rf 


k eter allehre PERSSWess thai Saeneter:.s 


Z2eGor all FFE PERS between GeandslsS meters 


fH 


3u8er Fall other “PES 


fH 


After establishing an initial FORK/k bracket, k is advanced 
boa foc each subsequent positiive range round until the 
mission is terminated, 


(1) The Choice of FORK as Recursive Constant 


FORK, in the manner used in the recursive 


formula is equivalent to 2.15 C,, where C, is the optimal 
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step constant discussed in Section III. FORK was chosen 
for two reasons. First, the stable range is a little 
greater than 8.5 PER permitting the use of information which 
is available from the rounds fired in the adjustment phase. 
Secondly, the FORK step constant, as opposed to 3/4 or 1/2 
FORK, proved to be less sensitive to observer errors in 
judging whether a round impacted over or short of the 
target when the probability of such errors exceeded P=0.05. 

Cymetne Chewce ofek, the®Ertective Initial FEE 
Round Number 

Using FORK as the recursive step constant 

permits utilizing information which is available from the 
adjustment phase, in particular those rounds used in estab- 
lishing and haiving the 100 meter bracket. As an example, 
let us assume that the fire for effect PER = 25 meters. 
Since FORK = 4 PER, this implies FORK = 100 meters; since 
FER 1s greater than 18 meters, k=3. By establishing a 100 
meter bracket and then making an appropriate 50 meter shift 
tefcenter into the fire for effect phalse, in effect the 
algorithm has aleGidy Been applied twice, and the next cor- 
rection to be made should be FORK/3. That this decision 
rule works for all angle Ts will be shown in paragraph D,5, 
of this section. 

(3) Establishing the Initial FORK/k Bracket 

Based on extensive computer simulation 

testing when forward observer spotting error probability 


exceeds 5%, 1t was found desirable to establish an initial 
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BORK /mmbracket for FERS less than 18 meters. For the isake 
of uniformity, FORK/k bracket is retained for all PERs. 
The additional cost in ammunition expenditure for establish- 
ing the initial FORK/k bracket averaged out to approximately 
O.5 rounds more than required by the current procedure in 
establishing the initial FORK bracket. The figure 0.5 
rounds is misleading, since the ammunition expenditure for 
the current FM 6-40 procedure is based on the average number 
of rounds needed to attain adjusted data (as generated by 
computer simulation model) EXCLUDING all 5 and 1 registra- 
tions. If verification of 5 and 1 registrations was 
resorted to by considering additional rounds, the difference 
in ammunition expenditures should have been non-existent. 
Additional comments regarding ammunition expenditures will 
be made in part D of this section. 
b. Fire For Effect Phase Range Corrections - User 

Information 

(1) The gunners quadrant is to be used for 
setting quadrant elevation for all rounds fired in the fire 
for effect phase. 

(2) All corrections are to be computed to the 
nearest O.1 mil. 

(3) All quadrant elevation settings will be to 
the nearest O.1 mil. 

(4) With the exception of those positive spot- 
ted range rounds used in establishing the initial bracket, 


no track or accounting of previously attained positive range 
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rounds is needed. The corrections are based STRICTLY on 
fines Spotting of the LAST round fired. 

(5) Target hit considerations are, if a target 
MmeOecUrs Prior to estabdaishing the initiad FORK/k bracket, 
that bracket need not be established. Whenever a target hit 
occurs, k is advanced by one; the next round is fired with 
the same data as the round which was sensed to be a target 
fet. in other words, a correction is not computed. 

(6) If an FDC doubtful range spot is attained, 
k 1s not advanced by one unit, but the round is refired as 
is the practice with the current procedure. K is advanced 
only when a fire direction center positive range round is 
obtained. 

A comprehensive example of the computational 
procedure applying the above stated rules is presented in 
Appendix B. 

Com Lol lection CorLtectzons A 

The adjusted deflection is derived in the same 
manner as for ince emgage procedure with following important 
modifications: 

(QQ) A deflection is NOT considered correct 
until the last round in the fire for effect phase has been 
fired, even if a two mil deflection bracket is split, a 
target hit is attained, or left and right spots are obtained 
at the same deflection settings or at settings 1 mil apart. 
If a deflection is determined to be "correct" using the 


criteria for the FM 6-40 procedure, a 1 mil correction in 
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etl cco S Lo be madesitor EACH subsequent fige direction 
center deviation spot until the firing is completed. This 
procedure is especially critical for target destruction 
missions, if such targets are smaller than 20 by 20 meters. 
On the basis of target destruction simulation runs, it was 
discovered that on occasions the mean of the ballistic 
distribution, as a result of considering deflection correct, 
was established excessively too far to the left or right of 
the target, resulting in an inordinate number of rounds 
(several hundred) to achieve a target hit.If it is deemed im- 
practical to apply 1 mil deflection corrections with each 
positively spotted deviation round, then a rule to apply the 
appropriate 1 mil deflection correction after two or three 
successively spotted deviation rounds of the same spot 
(either all left or all right) is recommended. 

(2) If, after completion of firing the speci- 
fied number of positively spotted range rounds to compute 
the adjusted elevation, and consideration of all graze 
bursts during the time adjustment portion, the “correct 
deflection has not nen achieved, consider the deflection 
Correct. Simulation results showed that firing additional 
rounds to achieve correct deflection as described in FM 6-40 
results in needless expenditure of ammunition without inm- 
provement of adjusted deflection data. 


d. Refinement of Adjusted Range Data from Graze 
Bursts in Time Registration Portion 


Under current doctrine, information from graze 


bursts (those bursts occuring on the surface) during the 


43 





time registration portion are used in instances when ad- 
justed deflection has not been determined; no attempt is 
made to use this information to refine adjusted elevation. 
Since the elevation used to fire all rounds in time regis- 
tration is the adjusted elevation determined as a result of 
firing described in (a), an appropriate correction to the 
adjusted elevation should be made based on the difference of 
OVER and SHORT graze bursts in accordance with the following 


Sarrection formula: 


FORK 


CORRECTION = —— 


(SHORTS-OCVERS ) 
where n corresponds to the last integer used to compute 
adjusted elevation correction, and m a8 une number of 
positive range spots from graze bursts. Appropriate fuze 


setting adjustments as a result of this refinement should 


not present problems. 


C. INITIAL CONPARISON OF FM 6-40 AND RECOMMENDED ROBBINS- 
MONRO ONE ROUND PROCEDURE 
1. General 
An initial analysis of both competing procedures was 
conducted by means of a simplified Monte-Carlo computer 
Simulation. Documentation of computer program used may be 
found in Appendix E. 
2. Purpose 
The purpose of the simplified model, in addition to 
approximating theoretical results which should be achieved 
under no error assumptions, was to isolate those forward 


oDbserver spot errors which may have the greatest effect 
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upon the accuracies of the competing procedures. Answers to 
the following question were sought: if forward observer 
errors in spotting over and short bursts occur with a 
probability greater than zero in any one phase of the 
precision registration, what effects do those errors have 
Mmonther accuracies of determined adjusted data of both 
procedures? 

3. Brief Description of Model and Assumptions 

a. Only the algorithms for estimating range correc~ 
tions are used. 

b. Both an adjustment and a fire for effect phase 
are modeled. 

c. For both procedures, the initial burst location 
at the start of each mission is randomly generated within 
200 meters of the true target center location. 

d. Doubtful range is not modeled. 

e. No target hits are possible, only a theoretical 
target center is considered. This implies that every burst 
generated will be either over or short of the hypothetical 
target center. | 

£. All range corrections requested are precisely 
Given; that is, if a correction of 23.14173 meters is called 
mor, that precise correction is given. 

g. PER = 20 is used for both procedures. 

4. The Results 

The results to be presented are based on 1000 

computer simulation replications. Data results are presen- 


ted in graphical form. The accuracy of the estimate of the 
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true target center after completion of registration is 
expressed in terms of the absolute miss distance in FER as 
metfunction on observer ,»probability of spot error. The 
Robbins-Monro one round technique is abbreviated as RM. 
Round numbers associated with the RM procedure correspond 
to the effective fire for effect rounds used in determining 
the adjusted data. For example, RM-6 is equivalent to 
firing the same number of fire for effect rounds as for the 
current FM 6-40 procedure: RM-3 implies firing three rounds 
less than the current procedure. 
a. No Error Results 

The data from this section are displayed as the 
initial plots on all graphs. The no-error results will be 
compared to accuracies which should have been achieved using 
the asymptotic theory as developed in Section JII. The 
predicted results in terms of expected absolute miss dis- 
tance as a function of PER for the Robbins-Monro procedure 
using a 2 FORK recursive step constant are given by solving 


the following equation: 


ey 
_ nS g 77 FER (2 
EXPECTED ABSOLUTE MISS DISTANCE = / @ ot TD (~6745) 
WhiolC@m™~—-ie—-=thie ertective Mre for ertect rounae number 
ke= the number of rounds whichtare used from the 


adjustment phase 
r = (step constant used)/(optimum step constant) 


where optimum step constant = 2.506 
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For the current FM 6-40 procedure, the expected 


absolute 


miss distance equation was developed in Section III and is: 







20 7 ((_PER 
7 oc) (6) 2.0745 


The comparative results are as follows: 


(1) 


(2) 


(3) 


(4) 


RM-3 Round Procedure 
PREDICTED RESULTS = 0.717 PER 
SIMULATION RESULTS = 0.740 PER 


RM-4 Round Procedure 


PREDICTED RESULTS 30,004 PER 
S LMUEATLON RESUL Tes —80. 062 PER 
RM-6 Round Procedure 

PRE DICED. RESULTS @a"Os 540, PER 
SIMULATION RESULTS = 0.590 PER 


FM 6-40 (6 Round Procedure) 


PRE Die TaD RESUL FSr On 7 oc aE 


SrEMULA TION “RESULTS O5./20 Wek 











2 


)° + (PER)* 


Results from this analysis indicate that the computer 


Simulation parallels. closely the results 


asymptotic theory with exception of RM-3 


where a difference of appreximately 3.2% occurr 


predicted by use of 


round procedure 


ed. 


bee Effects of Observer HELrOrs pm) EStablwshing the 


Pitta Faiue for Effect Bracket 


Figure 1 depicts the accuracy attained if the 


forward observer commits errors in spotting only those 


rounds which are used in establishing the initial fire for 


effect bracket. 


For the FM 6-40 procedure this 
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to the FORK bracket, and for the RM the initial FORK/k 
bracket. Results indicate that the six round proposed 
procedure is least affected by the initial bracket errors, 
Wetreraolrating 15% in accuracy for 25% spot error probability 
whereas the current procedure results deteriorated approxi- 
mately 35%. The three round version of the proposed 
procedure appears to be as accurate as the current procedure 
in lower range of spot error probability, but clearly super- 
ior when error probability exceeds 12.5%. 

c. Effects of Forward Observer Errors if Such Occur 
Only After the rife Fire for Effect Bracket is Established 

Figure 2 depicts results of the competing 

procedures under the condition that the observer spotting 
errors will occur only on those rounds fired after the 
initial fire for effect bracket is achieved. Results indi- 
cate that the current procedure, RM-6, and RM-4 deteriorated 
in accuracy whereas RM-3 remained relatively unchanged. The 
greatest deterioration, when compared to bracket error ef- 
fects, occured in RB-6 procedure. RM-3 round procedure 
achieved better OREO than the current procedure when 
Spot error probability exceeded 5%. 

Go Effects of Errors’1f£ Such Errors ®O0ccur Over the 
Entire Fire for Effect Phase 

Figure 3 presents the results of the competing 

procedures when subjected to spot errors throughout the en- 
tire fire for effect phase. Results again indicate the 
Overall superiority of the proposed RM-3 round, 4 round and 


6 round versions over the current FM 6-40 procedure. 
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PLU Cewoesot Hrrors if Such brrors Sccur Over 
the Entire Fire Mission to Include Both the Adjustment and 
the Fire for Effect Phases 

Figure 4 indicates that all four procedures 

deteriorated rapidly when spot error probabilities exceeded 
7.5%. As in previous error models, all three proposed 
procedures showed significantly better abilities in esti- 
mating the true target center at the completion of the 


registration. 


D. COMPARISON OF FM 6-40 AND RECOMMENDED ROBBINS-MONRO ONE 
ROUND PRECISION FIRE PROCEDURES THROUGH COMPUTER SYSTEMS 
SIMULA TION 
1. General 

The preceding quoted results, based on the simpli- 
fied model, clearly indicated that the proposed Robbins- 
Monro type 1 round technique was superior to the current 
FM 6-40 procedure in estimating the registration corrections 
needed to place the mean of the ballistic distribution onto 
the true target center. However, these results could be 
Pee ending due to the simplistic assumptions made. For 
example, precise range corrections to the nearest fraction 
of a meter are for all practical purposes impossible to 
attain due to fire control instrument setting limitations. 
Flevation can be set accurately to the nearest O.1 mil when 
the gunner's quadrant is employed. Depending on the ter- 
minal trajectory, O.1 mils could correspond to several 


meters, Additionally, the effects on the accuracy as a 
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result of employing an angle T other than zero mils, as 
well as the effects of applying deflection corrections, must 
be investigated. To account for systems and procedural 
limitations which may exist in the conduct of actual pre- 
cision fire, and to provide a more realistic insight into 
the comparative accuracies of the current and proposed 
precision fire procedures, a computer system's simulation 
program was written and used. 

2. Brief Computer Program Description (For the listing 
of the computer programs employed in this section, the 
reader is referred to Appendix F.) 

The program package consists of the main program 
and 19 functional subprogram routines. The main program 
controls the imput parameters, (range, target size, target 
orientation, angle T, angle T error, observer errors, obser- 
ver target range, ammunition parameters, etc.), the main 
decision steps and computation of statistics of miss dist- 
ances and ammunition expenditures. The functional 
subprograms perform the following tasks: 

a. Generate uniform U(0O,1) and normal N(0,1) 
random numbers. 

b. Perform coordinate transformations of impact 
points from the gun target to the observer target coordinate 
system. 

c. Determine the initial range shifts to be used by 
the observer at the start of each mission. 


d. Round off all observer sensings and adjustment 
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phase fire direction center range corrections to the 
nearest ten meters. 

e. Determine if the observer spots the bursts as 
OVER, SHORT, DOUBIFUL, LEFT, or RIGHT of the target. 

f. Transform observer burst spottings into fire 
direction center spottings of range and deflection. 

g. Determine observer range errors used to simulate 
observer estimation of range of impact prior to selection of 
initial shifts to use at start of each mission. 

h. Determine observer deflection errors to simulate 
estimation of burst deviation if observer is equipped with 
field glasses. 

i. Determine the C-factor (the number of mils 
needed to move the mean of the bailistic distribution 100 
meters in range) to be used to establish the actual correc- 
tion in meters when elevation settings to nearest mil or 
O.1 mils are applied to howitzer. ‘ 

j. Determine if the adjusted deflection has been 
achieved, 

ire ne gannine the actual fire for effect FORK. 

1. Determine the FORK rounded to nearest even mil 
value as employed by the current procedure. 

m. Determine the appropriate rounding off of all 
deviation corrections to nearest Imil in deflection to 
Simulate howitzer deflection setting limitations. 


n. Determine the appropriate rounding off of all 
corrections to nearest O.1 mils in elevation to simulate 


howitzer elevation setting limitations. 
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3. The Ammunition Data Base 
For the purpose of this simulation, the ballistic 
input data was obtained directly from Firing Tables FT 155- 
AH-2 w/C/2 (Ref. 15) and is applicable to the 155 mm 
howitzer, the U.S. Army's primary direct support artillery 
weapon. The ranges, powder type and charge, and associated 


PERs and PEDs used for comparative purposes are as follows: 


CHARGE/POWDER TYPE RANGE IN METERS PER PED 
5/ green bag 2000 7, 1 
5/ Preenunne 6000 13 3 
5/ white baa 5500 20 3 
6/ white bag 8000 27, 4 
Gy shame bad 10000 34 5 


The choice of these particular ammunition parameters was 
motivated by a desire to attain a representative range of 
PER values available within the firing tables (Ref. 15). 
The data associated with PER values of 13, 20, 27 and 34 
correspond to quadrant elevations ranging from 260 to 460 
mils and consequently can be regarded as being representa- 
tive for A eayays precision registrations at the indicated 
ranges. The quadrant elevation associated with PER=7 
(elevation=80 mils) would rarely be selected for firing a 
precision registration due primarily to the resultant “flat" 
trajectory achieved which tends to limit the practical 
applicability of registration correction data for engaging 


other targets directly. However, selection of PER=7 set 
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proved to be fortuitous in showing some adverse effects 
upon the accuracy of the FM 6-40 registration procedure 
which will be discussed. 
4, Assumptions 
a. Target Size and Target Hits 
At the recommendation of the Review and Analysis 
Branch, the Gunnery Department, Fort Sill, Oklahoma (Ref. 18) 
a 10 by 10 meter target is employed. Any computer generated 
impact within the target area 1s considered to be target hit. 
b. Observer Target Range 
The range from the observer to the target was 
set at 2500 meters for all registration missions simulated. 
2500 meter observer target range is considered by this 
author to be average encountered in actuality. 
c. Probable Error in Range 
The PER is assumed to remain constant throughout 
the mission rather than as a function of the actual gun 
target range. This assumption was made for program simpli- 
city, and should be considered reasonable. Over the firing 
table ranges Phploy eal the input PER remained within 7 1 
meter of the tabulated “true PERs. For deflection, the 
program input PED corresponds to the tabulated FED. 
d. Functional Representation of the C-factor 
For program simplicity, the C-factor is assumed 
to be linearly dependent on range. The resultant error in 


treating C-factor linearly within * 500 meters of true tar- 


get range rarely exceeded 1 meter and in most instances was 


much less, 
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e. Initial Impact Location 
It 1s assumed that the initial round for all 

missions will strike within an 800 by 400 meter rectangle 
centered on the true target location with the major axis of 
the rectangle parallel to the gun target line. Within the 
rectangle, the impacts generated are uniformly distributed 
in range - 400 meters and deflection 7 200 meters. 

£. Observer Spottings of Initial Round Impact in 
Range 

For the purposes of this simulation program, it 

is assumed that the observer's ability in estimating the miss 
distance in range of any round is directly proportional to 
the actual miss distance of the round. The observer esti- 
mate of range miss distance used is: ESTIMATED MISS DISTANG:= 
ACTUAL MISS DISTANCE * P(ACTUAL MISS DISTANCE) where P is 
uniformly distributed U(0O,1). P can also be loosely 
interpreted as a percent error of actual range miss distance 
the observer will make, and on the average the error made by 
the observer will be 50%. For example if the actual burst 
miss distance in SENET: were 200 meters, the observer is just 
as likely to estimate the miss distance to be 100 meters as 
300 meters. This range estimate is used only on the 
initial round to simulate observer choice of the initial 
range bracket for the adjustment phase. For example, if 
the observer estimates the initial range miss distance to be 
150 meters, the initial adjustment bracket chosen would be 


POooOemeters. 
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g. Observer Spotting of Burst Deviations in 
Adjustment Phase 
The observer is capable of spotting burst devi- 
ations within 5 mils with field glasses (Ref. 18). With an 
observer target range of 2500 meters this implies that the 
observer can spot the impact deviations within 12.5 meters. 
h. Observer Spotting of Impacts Striking Over, 
Biert, Lett and Rrght of the farget 
It 1s assumed that the forward observer will 
make errors in spotting primary quadrant location of impacts 
with some probability, with the probability of range error 
being greater than deviation error. The reader is referred 
- to Appendix A for full discussion of observer spot capabil- 
ity model used. 
i. No computational errors will be made by the fire 
direction center. 
je No excessive gun crew errors in setting the 
appropriate quadrant elevation and deflection will be made. 
Those errors oe GeCUE elevclimg Or tire control inst rus 
ment bubbles and errors in deflection Sight alignments will 
be ByeCu sted with results. 
k. Angle T Error 
The angle T error is assumed to be normally 
distributed N(0,664). A standard deviation of 66 mils in 
establishing the direction from the observer to the target 
may be too excessive, but as will be discussed in the results 
section, such an error had insignificant effects on achieved 


ac cumgaciesi. 
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5. The Results 

The results to be discussed are based on 750 repli- 
cations of the system's simulation comparison of the FM 6-40 
and the proposed Robbins-Monro type 1 round precision 
registration procedure. Because of the complexity and 
length of the computer program, 750 replications was selec- 
ted to insure that computer CPU time remained less than 
four minutes. Selective runs with 2000 replications pro- 
duced no significant change from results attained at 750 
replications. For the purposes of this comparison, GUNS ON 
THE LEFT case is treated. This implies that the angle T is 
the acute clockwise angle as measured from the observer- 
target to the gun target lines, and indicates which set of 
Paples to use wfor conversion ofeforward observer primary 
Quadrant burst spots to fire direction center spots. 
Although the programs as written are capable of investi- 
gating the full range (O to 3200 mils) of angle T values 
for the guns on the left situation, only the 10, 200, 400, 
600, 800, and 1600 mil generated data will be presented and 
discusses. Although both procedures use identical parameter 
inputs, the generated results are biased in favor of the 
current FM 6-40 registration procedure in the sense that all 
5 and 1 range spot registrations are eliminated from consi- 
@eration in the Statistical analysis of final results. 
Elimination of 5 and 1 fire direction range spot registra- 
tions produces two effects. First, the data for the average 


number of rounds needed to complete a registration will be 
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less than if additional rounds were considered for verifica-~- 
tion purposes. Secondly, using only 4 and 2, or 3 and 3 
range spot combinations provides a much greater assurance 
that the mean of the 3 FORK bracket at which the "“pxreponder- 
ance'’ formula is applied is well within the 2 PER stable 
range; in fact, from the generated results it appears that 
the mean of the $3 FORK bracket is around 1.5 PER from. the 
true target center where maximum accuracy occurs. For the 
proposed procedure, all missions were considered to be valid 
and none were eliminated from consideration. 
a. Discussion of Results 
The tabulated results from the comparative 
computer simulation of the two procedures are presented in 
Appendix C, Only pertinent general findings will be presen- 
ted here. In the discussion, the “no error‘! model refers to 
Sacer vyctmeapabi lity Model fF and the ‘error model refers to 
Observer Capability Model 2 as presented in Appendix A. The 
current registration procedure is abbreviated oe FM 6-40. 
The Robbins-Monro type registration technique is abbreviated 
RM; “the number eee with RM refers to the number of 
fire direction center positive range spot rounds, (to in- 
Clude the last initial bracketing round) used in calculating 
the registration adjusted elevation. 
(1) The "No Error'' Model Results 
The results for the range component of the 


miss distance will be presented in terms of average absolute 


mes) distance as a function of actual FER used. The pooled 
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average absolute range miss distance over all angle Ts for 
the computer simulation will be compared to those predicted 
by the asymptotic convergence theory discussed in Sect. III. 


(a) Results for PERs 20, 27, and 34 meters 


F procepure | pesprcren | SIMULATION RESULTS 

PROCEDURE PREDICTED PER=20 PER=27 PER=34 
FM 6-40 .704PER | .697PER 
RM3 i722 GER te 72ceee 


¥note: the six round version is equivalent to like number 

















» 064PER 










of FM 6-40 rounds. 

The close agreement with theoretically predicted results is 
somewhat surprising when one considers that systems limita- 
tions, target hits, and various round off rules were 
employed within the computer program. The better than 
predicted showing of the FM 6-40 procedure (5%) should not 
be viewed with alarm, for all 5 and 1 range spot combina- 
tion registrations were Bion oe from consideration. This 
elimination apparently has the effect of locating the mean 
of the 3FORK bracket at which the "preponderance" formula is 
applied ina range of 1 to 1.5 PER from the true target 
center where maximum accuracy is achieved, As was discussed 
in Section III, an 8% improvement in accuracy (as compared 
to asymptotic theory results) can be expected when the mean 


of the 3FORK bracket is 1.5 PER from the true target center. 
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(bo) Resultts for HEKe— 313 Meters 
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The difference in the predicted values for the Robbins- 
Monro 1 round proposed Brocecure: when compared to (a) 
above, stems from the use of 1 less round from the fire for 
effect phase when PER is less than 18 meters. 


(c) Results for PER = 7 Meters 


PROCEDURE PREDICTED SIMULATION RESULTS 











FM 6-40 7 oO OER pel kk 


ee 







OOo EE - 642PER 
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As was mentioned earlier in the discussion, the results for 
PER=7 meters showed marked differences from the other PER 
values. This apparent contradiction may be explained when 
a comparison is made with the extracted tabulated data from 
Reference 15. Table G of that reference indicates that 
PER=7 meters for the gun target range of 2000 meters, but 


Table F of the same reference gives the value of FORK as 
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1 mil and the C-factor as 4.5%mills. Thils Himplies ‘that the 
Mer sive constant FORK is 22.2 meters rather than 4 PER 
which is equivalent to 28 meters. Additionally, since the 
FORK value in the tables is given as 1 mil and the current 
procedure employs FORK values to nearest even mil (in this 
case 2 mils would be used), the bias variance will be 
greater than PER? ; accounting for the differences, the bias 
introduced would be about (11.1/7 FER) 7. Thus, in this 
Specific instance using an even FORK value for the current 
procedure had a marked detremental effect on the accuracy 
of the adjusted registration data. Conversely, the pro- 
posed procedure was favored in the sense that the effective 
step constant was less than 2FORK. 

(d) Accuracy of Adjusted Deflection 

The adjusted deflection for both the 
current and the proposed procedure were generally within 
140.5 mils with better adjusted deflection achieved by the 
recommended procedure. It is significant that the proposed 
procedure attained as good or better adjusted deflection; 
this lends support to the recommendation that deflection 
corrections should be applied after every positive fire 
direction center deflection spot, and that firing additional 
rounds to achieve “correct"' deflection as prescribed by 
FM 6-40 results in needless expenditure of ammunition 
without improvement of adjusted deflection data. 
(2) The “Error' Model Results 
Examination of the tabulated data results 


found in Appendix C again support the contention that the 
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proposed procedure is superior in accuracy for determining 
adjusted registration data. No attempt will be made here 
at a’ comparison with any theoretically predicted results due 
to the extreme difficulty which would be encountered in 
formulating a closed form mathematical model to account for 
all probabalistic interactions which do occur; only general 
comments will be made. 

(a) Effects of Angle T on Adjusted Range 

Results from the “no error” model 

indicate that no appreciable Angle T effects on the adjusted 
range data occurred. With the “error’™ model, this appears 
to be no longer true, particularly when examining Angle T = 
600 mils data; a very marked deterioration of the FM 6-40 
procedure occurred when compared to the proposed procedure. 
This deterioration may be explained readily by considering 
the nature of the minimal spot error region which extends 
20° on either side of the observer target Peat the 
target (refer to Appendix A). The proposed procedure makes 
successive adjustments in the opposite direction of the range 
spot which means in Pes that the ballistic mean is 
continuously adjusted toward the true target center. Also 
taking into consideration that simultaneous deviation correc- 
tions are being applied, the proposed procedure will cause 
rounds to impact more frequently into areas where the 
observer appears to have the best probability of making the 
Correct spot. The current procedure, on the other hand, 


meuuGuasS that fire for effect rounds be fired 1 FORK and 
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4 FORK apart with the result that on most occasions the 
deflection corrections are insufficient to move impacts into 
areas where the observer is least likely to make spot errots. 
Because of the "cookie cutter" type error probability sepa- 
Mataon, the results for 600 mils definately appear to be 
biased in favor of the proposed precision fire procedure. 
(b) Effects of Angle T on Adjusted 

Deflection 

Due to the nature of the spot capabil- 
ity model where the probability of making an incorrect range 
spot is greater than for a deviation spot, the adjusted 
deflection error is greatest when Angle T is 1600 mils as it 
should be, for in this instance the observer range spots are 
Mmencecdirection center deflection spots. As im the “no exroar” 
model, the proposed procedure adjusted deflection was as 
accurate or better than for the current FM 6-40 procedure. 


(5) etner Ermer FELtecis 


~ 


(a) The Effects of Gun Crew Errors in 

Setting Elevation and Deflection Corrections 
cean crew errors are modeled under the 

assumption that theerrers an applying quadrant elevation 
would be normally distributed N(0,9.,;5;). For both eleva- 
tion and deflection setting errors, oa we = 2 mils was 
investigated. Although such errors in deflection may be 
reasonable, they do seem to this author to be extreme for 


elevation settings, especially if a gunner's quadrant is 


being employed where even fractional mil errors will cause 
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the leveling bubble to migrate to either end of the leveling 
vial. The effects of such errors on both procedures 
appeared to be equal, with the overall effect being as if 
the projectile PER and PED were increased by the amount of 
the error. For example, let us assume that 1 mil in eleva- 
ieermecorresponds foOg> meterssin range, jand that 9_.+,,; = 2 
mils and the PER for that range is equal to 10 meters. 

Since the error process is in essence independent of the 
fall of shot, the effective PER as a result of the error 


process would be, 


Mo Pea ae Ana 
PERee Belo) 2 (.6745(10)}je 8 = 12emeters 


Thus in effect the PER was increased by approx. 2 meters. 
(epeethc HEteets mreanglc 7 ELrrors 

Ante ie Ey rors alemehosc weCLLOrs 
committed by the observer in establishing the observer 
target direction. Errors with a normal N(0,66mil1) distribu- 
tion had minimal effects on the achieved accuracy of either 
procedure, with accuracy deterioration being less than 5%. 
The results indicate that both the current and the proposed 


procedures were robust to even large angle T errors. 


E. TARGET DESTRUCTION COMMENTS 

Only a limited number of computer simulation runs were 
made to simulate the number of rounds needed to achieve a 
target hit for the first time. In all instances, the 
proposed procedure was able to achieve a target hit with 


fewer rounds (10% on the average) than the current precision 
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fire procedure, lending support to the hypothesis that 
making successive adjustments after each round, rather than 
after each group of six rounds, increases the probability of 
Behueving @ hit. The probability of obtaining a hit is 
directly dependent on the location of the mean of the 
ballistic distribution in relation to the target and the 
associated variance of the fall of shot about that mean; 
sive Glosex the ballistic mean nis to the target, the greater 
mae probability of acheiving a hit. However, even if the 
ballistic mean coincided with the actual target center an 
expected large number of rounds are still required to 
achieve a hit for the first time. For example, engaging a 
stationary target as small as the Russian t-54 tank (6.5 by 
3.5 meters) at a range of 8000 meters with a corresponding 
PER = 27 meters and PED = 4 meters, would still require on 
the average 66 rounds to obtain a hit provided that the 
elevation and deflection corresponding to the ACTUAL TARGET 
CENTER has been used throughout the mission. 

Although the proposed procedure on the average achieved 
a target hit with fewer rounds than the current procedure, 
ehe time to achieve that hit for both procedures is exces- 
Sive. It appears to the author that time on the battlefield 
Pyercg(uently more criticall than the cost. of ammunition 
expenditure, and as such neither procedure firing a single 
round at a time is the appropriate means of attacking a 
static target. A better way of engaging such targets, when 


tame to desjtruction is critical, would be to fire the entire 
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battery using the closed sheaf and make successive cCorrec- . 
tions in the manner described for the proposed fire procedure. 
Although more ammunition may be expended, the time to 
attain destruction should be lessened. To see how the 
recommended procedure may be used in this manner, let us 
look at a hypothetical example. Suppose a bridge needs to 
be destroyed to impede an enemy's movement. Suppose that 
fmicetimne toradestroy that bridge is cratical and “that no 
means other than artillery fire is available for this task. 
A way to accomplish this is to use the base piece initially 
to achieve the first adjusted elevation (corresponding to 
ine precision fire registration adjusted elevation). Let us 
assume that the fire for effect FORK = 12 mils and the 
adjusted elevation using the base piece comes out to be 
320.6 mils and that n, the effective round number, is 9. 
Rather than continue firing with only the base piece, the 
entire battery in closed sheaf form is fired with the 
Quadrant elevation of 320.6. The observer reports the 
primary quadrant location of the six round burst in relation 
to the target. Let uS assume that as the result of firing 
the entire battery the fire direction range spot of the mean 
range burst is OVER. The correction for the next volley 
would be 

=) PORK /ne= -12/16 = 9-41.21 1s 
and the volley would be fired at a quadrant elevation of 
319.4 mils, and so on until the desired effects are achieved. 


No subsequent corrections to the sheaf should be necessary 
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or warranted once the initial corrections for the closed 
sheaf are calculated. One should be aware that EACH volley 
in closed sheaf form is being treated as if a SINGLE round 
were being fired. This procedure affords additional 
flexibility to the fire direction officer in the sense that 
he may decide at any point in the fire for effect phase to 
shift from the single gun to battery adjustment, a procedure 
he can not use with the current FM 6-40 precision fire 
technique, If time is not an important element, but ammuni- 
tion 1s, then, as already mentioned, the proposed procedure 
will on the average achieve a target hit with fewer rounds 


than the current procedure. 
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V. PROPOSED PRECISION FIRE PROCEDURE FOR OBSERVER 


EQUIPPED WITH LASER RANGE FINDER 


A. GENERAL 

Tic wanEvoaduction of the lJaiser wange finder into the 
artillery inventory provides the artillery observer with a 
Capability he has not possessed previously - that of accura- 
tely estimating the precise burst location. How should this 
new observer capability be employed in precision fire to 
maximize the accuracy of registration correction data, and 
also maximize the probability of achieving a target destruc- 
tion? A proposal currently being evaluated for precision 
Registration, (Ref. 10), is to use the laser range finder to 
conduct a center of impact (CI) type Be Pea scree A CI 
registration consists of firing several rounds (usually six) 
at single fixed howitzer quadrant elevation, with the obser- 
ver lasing to each burst. Knowing the precise location of 
the observer, the’fire direction center can compute the grid 
location of the mean point of impact of the rounds fired. 
The difference in the calculated mean point of impact and 
the “should hit'' grid, give the registration corrections. 

Although the CI procedure described is simple in concept, 
and dispenses with the requirement of having a surveyed 
target point, it does have several major drawbacks: 

1. The observer must be precisely surveyed relative to 


the howitzer firing the registration, with directional 
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survey (the laser orienting azimuth) being the most 

critical element. For example, if the directional survey is 
in error by 5 mils, and the CI registration is at an obser- 
ver impact range of 5000 meters, the registration corrmectims 
will be in error by 25 meters. 

2, The laser range finder must be properly calibrated 
for range. If, for example, the calibration error in range 
Mmoelo meters, thelerror in the registration Correction data 
will be 10 meters. 

3. Target destruction type missions cannot be readily 
mired. Although after each group of rounds a correction for 
range and deflection can be computed, such computations tend 
to be cumbersome even with the field artillery automatic 
data processing equipment (FADAC and TACFIRE). 

The method which is recommended for precision fire if 
the observer is equipped with the laser range finder 1s a 
Special case of stochastic approximation techniques first 
discussed by Grubbs (Ref. 8). A surveyed registration 
point is required, but observer's location need not be 
Surveyed. The procedure 1S Similar to the one recommended 
if the observer is equipped with field glasses, in that an 
appropriate correction is made for each round fired. Rather 
Bia using a recurSive constant such as FORK/n, a fraction 
of the actual miss distance of the impact in relation to 
the target 1s used. The correction to fire the second 
round Serlesponds) tosthe actual miss distance sort first 


memmeereported, to fare the third round, 1/2 of the second 
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feund miiss distance is applied; for the” fourth round it is 
1/3 the miss distance of the third round, and so on until 
the mission is terminated. Recursively, the formula for 


making corrections to estimate the target center location 


* 


nasi, 1 
An+l mie ~ on (Y,) 
where: Se = the oe estimate of the target center, or 
the data at which the nt+iS* round should be 
fired (either the quadrant elevation or 
get Cerrone 
x = The data at which the last round was fired, 
vee = The actual miss distance of burst in relation 
to the target on the cqun target line, 
n = the last or the aoe iO cie talek CCis 


The identical form of the correction formula is used to 
determine both elevation and deflection corrections for each 
found fired. For the remainder of this discussion, the 
laser range finder recommended procedure will be referred to 
as the X-BAR procedure. 

Evans (Ref. 6) showed and Barr (Ref. 1) proved that the 
n+i>* computed correction for the X-BAR procedure is the 
Same as if all n rounds were fired at the data corresponding 
to the mean of the ballistic distribution of the first round, 
This implies that the registration correction is in essence 
foes difference between the “mean point of impact” grid of 
the n rounds fired (as if all n rounds were fired at the 


first round quadrant elevation setting) and the registration 
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point surveyed grid. An alternate interpretation can be 
Magdewalso = that the Wlast correction applied Lee eqenee the 
true target center estimate based on the sample mean of all 
impacts as though all rounds were fired with data corres- 
ponding to the previous target center aim point estimate. 
This latter interpretation is of special significance if 
target destruction is desired since the probability of 
achieving a target hit is maximized if the ballistic distri- 
bution mean coincides with the true target center. Barr 
(Ref. 1), Evans (Ref. 6), and Grubbs (Ref. 8) presented the 
following significant property attributes of the X-BAR 
procedure: 

1. fhe successive corrections minimize the variance of 
the estimate of the true target center location after each 
round is fired. 


2. the aimpoints after n rounds tend to be normally 


2 
distributed about the true target center N(0 "ance ) and 
p ; 
G deflection a 
=a — ) where 0 range =5 the range component 


variance and 0° is the deflection component vari- 


deflection 
ance’ of the fall of shot along the gun target line, directly 
related to PER and PED (recall from previous discussion 


that .6745 C- = PER and -6745 Og = PED); 


range eflection 


3. The procedure maximizes the conditional probability 
of achieving a hit on the aoe ie UT1eue 

4, It minimizes the expected number of rounds required 
fo hit the target for the first time. 

Sonoma Se eGOund £1red Contains theginformation of 


fel the previous rounds fired. This fact is of particular 
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significance if the procedure is to be computerized since 


valuable computer core space is saved. 


B. THE RECOMMENDED METHOD OF USING THE X-BAR PROCEDURE FOR 
MimiioLeERY PRECISION FIRE 
1. Basic Assumptions 

a. The forward observer is equipped with the laser 
range finder and is capable of providing “accurate"™ (subject 
to some error) observer burst range and azimuth data to the 
fire direction center. 

b. For a precision registration, a surveyed regis- 
tration point exists. 

2. The Procedure 

a. Unlike the precision fire methods discussed in 
Sections II, III, and IV, only a fire for effect phase is 
employed, 

b. Establishing the initial Base Range and Base 
Azimuth 

The observer lases several times to the target 

and reports the mean.range (to the nearest meter) and 
Piet cits on (to the nearest mil) to the fire direction center; 
this establishes a base range (BR) and a base direction (BA) 
for computing subsequent burst miss distances, Once the 
base range and direction are established, the observer lases 
oniy on impact bursts. 


Ge taser Orienting Round 


The base piece fires an initial round corres- 


ponding to the grid location of the registration point. The 
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purpose!’ of this roundMis#to providesgeneral orientation for 
the laser range finder for lasing of all subsequent bursts. 

d. Fire For Effect Phase 

For each round fired, the observer reports to 

the fire direction center the lased range and direction to 
the burst. The fire direction center, using the base range 
and base direction to the target and the lased range and 
direction to the burst, computes the gun target impact 
range and deviation miss distance. AS an example, let us 
assume that the observer is on the gun target line, and that 
the base range to the target is 3000 meters (note; the base 
range corresponds to the observer target range). Suppose 
that lased range and direction to burst reported to the fire 
direction center are 3150 meters and 40 mils. The gun tarcet 
burst miss distance is: 

BURST RANGE - BASE RANGE = 3150 - 3000 

RANGE MISS DISTANCE = +150 meters 


BURST DIRECTION - BASE DIRECTION = 40 - O 


DEVIATION MISS DISTANCE 40 mils(3000/1000) 


{I 


120 meters right 
If the observer is not on the gun target line, the computa- 
tions become somewhat more difficult since the computed 
miss distances must be translated from the observer target 
to the gun target lines. Two methods are recommended, If 
the FADAC or TACFIRE computers are available, they should 
be used since both are currently programmed to perform such 


translations. If computers are not available, then the M-10 
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plotting board is recommended. Once the gun target miss 
Gistance is computed, the quadrant elevation and deflection 
Sorrections to fire the next round are found by applying 
the correction formula 

CORRECTION = 1/n(MISS DISTANCE) 


th positively lased round. 


where n represents the n 
Since corrections in meters can't be applied directly to 
howitzer fire control instruments, they must be converted 
to the nearest .1 mils for range and nearest 1 mil for de- 
flection; both the FADAC and TACFIRE programs make this 
computation. For the manual mode, the following procedure 
is recommended: 

Using the firing table C-factor, the computed 
gun target range miss distance is converted to nearest .l 
mils and then the correction formula applied. For example, 
after firing the third round, the gun target calculated 
miss distance is 45 meters. Assume that the C-factor is 
1O mils. Using this C-factor, 45 meters converts to 4.5 
mils. The quadrant elevation correction to be applied to 


fee ~the fourth round is 


-1/3(4.5 mils) 


QE CORRECTION 
=~ =1.5 mils. 
If the impact had been 45 meters short the correction would 
have been +1.5 mils. The deflection corrections are made 
in the same manner except that the mil-range relationship 


mS used, 


The final adjusted quadrant elevation and 


adjusted deflection of an “n' round registration corresponds 
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to the quadrant elevation and deflection used to fire the 
at round plus the corrections computed as if the n+1S* 
mound is to be fired, If the obServer reports a target hit, 
the next round is fired at the same data at which the target 
hit was attained. Since a target hit is a positively lased 
round, the positively lased round number counter ("“‘n") is 


advanced by l. Occasions will arise when the observer 


mits to attain ‘a burst Vasing. In such instances, the 


142 84 


meund is refired without advancing "n”, the counter for 


positively lased rounds. 


C. COMPUTER SYSTEM'S SIMULATION OF THE X-BAR PROCEDURE 
1, General 
The theoretical treatment of the X-BAR procedure in 
quoted references was conducted under the assumption that 
precise corrections to miss distances could be applied. 
Since system limitations do exist which limit the precision 
of correction settings, a computer simulation program of the 
X-BAR procedure incorporating setting limitations, computa- 
tional round-offs and various crew errors was written and 
employed. Answers to two primary questions were sought: 
Piacie Vhat accuracilos! ins reqiSstration data Can one expect 
from the X-BAR procedure?'', and secondly “How does that 
accuracy compare with the current FM 6-40 and the Robbins- 
Wanita Found procedure discussed in Section Ve". 
2. Brief Computer Program Description 
For the listing of the program, the reader is 


referred to Appendix G. The program package consists of the 
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main program and twelve functional program routines. The 
main program controls the input parameters, the main 
decision steps, and the computation of statistics of miss 
distances and ammunition expenditures. The functional 
programs do the following: 

a. Generate uniform U(0O,1) and normal N(0O,1) 
random numbers. 

b. Perform coordinate transformations of impact 
points from the gun target to the observer target coordin- 
ate systems. 

c. Round off observer range measurements to the 
nearest meter and direction measurements to the nearest mil. 

d. Determine the appropriate C-factor to use. 

f. Determine the appropriate rounding off of all 
corrections to nearest mil in deflection and nearest 0.1 
mils in elevation to simulate howitzer elevation setting 
imitations. 

Gem Oetermine and apply gum eGrewrerrors im Setting 
Quadrant elevation and deflection. 

Se lie RemnGncke On Data Base 

iis bablastic input data is the same as for the 

Simulation programs of Section IV. 
4. Assumptions 

a. Ihe assumptions regarding target size and target 
meas, the constancy of PER and PED, the linearity of the 
BemacbOr finction, initial impact location, fire direction 


memtcr Crroms, gun crew errors, and the anglle IT errors are 
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the same as those for the simulations of the Robbins-Monro 
and the current FM 6-40 procedures. 

b. It is assumed the observer will positively lase 
every round. No attempt was made to simulate missed rounds. 
Under the assumption of round to round independence if fired 
with the same setting, the only effect of not lasing a round 
should be to increase the total number of rounds fired for 
any one mission. 

c. The assumption is made that the slant range 
meom the cane@e finder to thie burst ls the*same as if both 
the instrument and the impact point were at the same alti- 
tude. Although this assumption may be critical for CI type 
Registration, this altitude differential is of minimal 
Significance in the performance of the X-BAR procedure. To 
see this, let us assume that the observer target range is 
1000 meters, and the altitude of the laser is 1000 meters 
above the impact point; let us further assume that a burst 
occurs 50 meters beyond the target, giving a true horizontal 
laser to target range of 1050 meters. Using the CI proce- 
dure without samen for slant would produce a range error 
of 420 meters. Using the X-BAR method under the same 
assumptions produces only a 4 meter error. Since A5~ slant 
angles would rarely be encountered the assumption made 
regarding insignificance of slant ranges should be consider- 


ed valid. 
o- The Results 


The results to be discussed are based on 750 repli- 


Cations of the X-BAR procedure. 750 was chosen to coincide 
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with the number of simulation trials used to analyze the 
FM 6-40 and the Robbins-Monro 1 round procedures (Section IV) 
to provide a reasonable direct comparison of the relative 
accuracies of the competing procedures using identical 
ballistic and angle T parameter inputs. The X-BAR computer 
Snivation LresultS arc tabulated in Appendix D. Only some 
pertinent general findings will be presented in this 
discussion. 

The results will be presented in two forms. For the 
"no error’ case (to be discussed) the accuracy of the ad- 
justed range component of the registration will be presented 
in terms of the absolute miss distance as a function of PER. 
This will provide a standard measure for any PER value which 
may be used. The "error model" (to be discussed) will be 
presented in "normal form", that is, in terms of the 
Standard deviation of the distribution of the final adjusted 
registration aimpoints. The adjusted aimpoints correspond 
to the estimate of the true target center location at the 
completion of the registration. Using the “normal form" 
will provide an easier means for comparison of the generated 
results with those theoretically predicted when laser error 
processes are involved. The tabulated results in Appendix D 
are presented both in Shien Carnie form’ and in terms of mean 
absolute miss distances expressed in meters. In the discus- 
Sion, reference to the number of rounds for the X-BAR 
procedure will be made; the numbers correspond to positive- 


ly lased rounds used in the computation of registration 
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adjusted data and do not include the initial laser orienting 
round or any missed (non-lased) rounds. 
a. The No-Error Results 

It is assumed that the observer is capable of 
mecurately lasinglactual burst location to the nearest 
meter in range and the nearest mil in-direction. 

(1) The Accuracy of Adjusted Range 

The predicted results will be based on the 

mneoretically quoted distribution of the’ aimpoints. For 
range, the predicted mean absolute miss distance of an “n" 
round X-BAR registration is 


Ze PER@ 2 


ABSOLUTE RANGE MISS = on \ 6745) 


The simulation results are derived by pooling the mean 
absolute range miss distances for all the angle T values 
investigated. The comparison between predicted and attained 


results are as follows: 
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The close agreement with theoretically predicted results is 
significant from the standpoint that the simulation accounts 
fox systems limitations in howitzer elevation and deflection 
settings and the rounding off of lased ranges to nearest 
meter and azimuths of the bursts to nearest mil. A compari- 
son with the “no error’ models of Section IV shows that the 
X-BAR 4 round registration data for all PERS is as accurate 
as the proposed Robbins-Monro 6 round base registration and 
moresaccurate than the current FM 6-40 procedure. This is 
Significant from the ammunition expenditure viewpoint; on 
the average, the FM 6-40 and the Robbins-Monro 1 round 
registration procedures expended 12 rounds in the adjustment 
and fire for effect phases to achieve the registration 
Sorrection data. 

(2) The Accuracy of Adjusted Deflection 

In all instances the gun-target range mean 
eescOlute deviation error of the adjusted deflection was less 
migan O.5 mils. 
be Lheslaser Range BRandem Error Results 

The assumption is being made that errors will be 
committed in lasing range and direction of the burst. It is 
further assumed that ne Gange and GLEecctiommerrors are 
uniformly distributed U(-error,+error) (Ref. 18). Three 


rem COmDLNatLons were’ treated: 


Range Errors A, 1 lease S 
* 10 meters 2 irl 
2 Ommcters ~ 4 mils 
DeAOemcters a Sle 
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Only the t20 meter range and the E4 wal azimuuheerrors at 
angle T = 10 mils will be discussed in terms of theoreti-~ 
cally predicted results; for the complete tabulated results 
the reader is referred to Appendix D. 

The eftectmon themilaiser erron 1S fo anerease 
the apparent PER and PED by an amount proportional to the 
standard deviation of the lased error. The apparent stan- 


dard deviation ( C2 pp) in range instead of being PER/.6745 


Beck / (PER)? 4 (40) 
_ male a 
oz pp / NOZAS ) 12 


and the effective probable error in range, Pex of ¢=- 074595 5p. 
Beomithis it follows that the estimates of the true target 
center after an n-round X-BAR registration should be nor- 
mally distributed N(0,22PP) in range. The same iogic may be 
Aeplirted to attain the aim point distribution of the devia- 
tion component. At this point it should be noted that the 
above development of the apparent range standard deviation 
was derived under the assumption that the observer was 
located on the gun-target line. For Angle Ts greater than 
zero mils the Gap computations tend to be somewhat more 
complicated and one must resort to trigonometric methods to 
compute the gun-target effective error distribution. 
(1) The Accuracy of Adjusted Range 

Astwath the “nomerrorn "modely the simula 

tion results closely parallel those theoretically predicted. 


The results presented in normal form are as follows: 
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note: to obtain the mean absolute miss distance in range, 


the reader should multiply & by 0.8. 


(2) The Accuracy Of Adjusted Deflection 


As the laser range finder 


CEEOE CO) Strid bpu— 


tion parameters increased, the accuracy Of @the adyusted 


deflection deteriorated, With the maximum 


error distribu- 


tion, (range error = 740 meters and azimuth error = 78 mils) 


true deflection for all but PER=7 meter data. For the 4 


round X-BAR registration (PER=7) simulated 
mils the mean absolute adjusted deflection 
(8.6 meters) in error. This should not be 


view of the large laser range finder error 


at Angle T = 1600 
was 4.3 mils 
surprising in 


being introduced. 


At Angle T = 1600 mils, the effective PED instead of being 


1 meter is 15.6 meters. 





(3) A Comparison of X-BAR, FM 6-40 and the 
Proposed Robbins-Monxro 1 Round Registration Procedures 


A comparison of the relative accuracies of 
the *no erroxr’’ FM 6-40, the proposed Robbins-Monro 6 round 
equivalent and the “‘error‘’' model X-BAR 6 round registration 
is presented. The measure of accuracy used is the radial 
error in meters of the estimate of the true target center at 
the completion of the registration. The data was extracted 
from Appendix C and Appendix D. The error model associated 
with the X-BAR procedure assumes the distribution of laser 
ranging as being u(720 meters) in range and U(74 mils) in 
azimuth. The error corresponds to the upper bound of 
lasing errors as recommended by the Review and Analysis 
Branch of the Gunnery Department, Fort Sill, Oklahoma 


exert. 18). 
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The preceding tabulated results clearly indicate the 
PMperioLity of the) X-BAR procedure in achieving greater 
registration accuraczes with approximately one half the 
ammunition expenditure needed by both the current FM 6-40 
and the proposed Robbins-Monro 1 round successive adjustment 
registration techniques. 
CGraeOuner error Effects 

Va ihe Harecetsior Gun Crew Exrrous an Setaming 

Elevation and Deflection Corrections 
As 1s Section IV, gun crew errors were 

modeled under the assumption that the error in applying 
elevation and deflection settings would be normally distri- 
buted N(O,2mils). The effect of such errors is to increase 
the apparent PER and PED; this was discussed in Section IV. 
Such errors had an insignificant effect on the achieved 
accuracy. 

eee tt ection Angice aE Lroims 

The Angle T error was modeled under the 

assumption that the error in establishing the direction to 
the target would be normally distributed N(0,66mils). Al- 
though such errors appear to be excessive, they may be 
encountered if the observer location is not surveyed and the 
observer had to resort to the M-2 compass to establish the 
Mmeetale di tection to the registration point. As shown in 
the tabulated results which follow, such an error had 
Mmicudniticant effect on the accuracy of the registration. 


Ihe X-BAR 6 round angle T error and the no error model for 
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PER = 27 meter data will be compared at Angle T = 10, 800 


And LOOO mils, 


ANGLE T | ANGLE T{ MEAN ABSOLUTE RANGE 
ERROR ERROR IN METERS 









Mie News oO Wali Diy ier 
LON ERROR UN ME TERS 


109 12.88 


8O0Op7h 13.43 a. 37 


16007 WAR: Sy meKy/ 


The insensitivity of the X-BAR procedure to large Angle T 
errors should not be surprising since all corrections are 
made with the registration point as the reference rather 
than the observer's POSTpTOMe= ss SUCH al CkieoLr On the Cl 
registration currently proposed for observers equipped with 
the laser range finder fired at an observer-impact range of 
2500 meters would result ina mean absolute error of 130 
meters in the registration correction data. 

(3) Effects of Laser Range Calibration Errors 

It 1s assumed that the laser range errors 

in measuring the true observer to burst range could occur if 
the those range finder is not properly calibrated; it is 
further assumed that such an error would remain constant for 
the entire precision fire mission to include establishing 
the base range. Because all corrections are made with the 
registration point as the reference, no error in the regis- 
tration data will be made. As previously cited, for a CI 
registration, the corrections would be off by amount of the 


Salibration error. 
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(4) The Effects of Errors in Establishing the 
Observer Location 
The reference is made to those errors which 
result from errors in survey or errors of observer estimate 
of his true location from a map spot inspection. The X-BAR 
procedure is insensitive to such errors due to previously 
cited reasons; all corrections are made with reference to 
the target center location and not with respect to the 
observer location. 
(5) The Bffects of Errors in Establishing the 
Initial Base Range 
Due to various factors, it may be reason- 
able to assume that a small error may be made when lasing 
to the target to establish the base range used by the fire 
direction center to compute subsequent firing corrections. 
The registration corrections in this instance will be in 
error by the amount of the base range error. To minimize 
this bias, the author recommended in paragraph B,2,b, of 
this section that several lasings to the target be made and 


the mean reading be used to establish the base range. 


D, TARGET DESTRUCTION COMMENTS 

Under the conditions assumed for conducting precision 
fire firing one round at a time, there is no other statis- 
tical sampling procedure which will provide greater 
probability of achieving a target hit than the X-BAR occees 
dure. The following important theoretical results are 


requoted: 
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1. The procedure minimizes the expected number of 
rounds required to hit the target for the first time. 
2. The procedure maximizes the conditional proba- 


th TeGUlpGlesisa: i OC 


bility of achieving a hit on the n 
However, as was noted in Section IV, making successive 
corrections after firing each round may not be the appropri- 
Bte method to attack a static target ¥f time to destroy that 
target iS more critical than the number of rounds expended. 
In such an instance it may be more advantageous to fire the 
entire battery in closed sheaf form; the exact method to 
use to make successive corrections after each volley is 
fired should be investigated. One procedure this author 
recommends is to use the X-BAR registration procedure firing 
the base howitzer 1 round at a time for a specified number 
of rounds (say 4) and then switch to the Robbins-Monro 
volley adjustment technique described in Section IV using 
an appropriate recursive constant. For example, the proba- 
bility that on the average the adjusted aimpoint will be 
Weeehiam I PER in range of the true target center after a 4 
round X-BAR procedure is 84%, which suggests that the 


recursive constant $FORK or less may be used, 
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VI. CONCLUSIONS AND. RECOMMENDATIONS 


m. CONCLUSIONS 

1. If the assumption is accepted that in precision fire 
primary quadrant spots in relation to actual target Wea von 
is the best information about bursts that can be expected 
from an observer, then this study clearly shows (both ana- 
lytically and through computer simulation) that the 
proposed Robbins-Monro adjustment technique is superior to 
the FM 6-40 precision fire procedure in the following 
respects: 

a. The procedure should have greater intuitive 
appeal in that successive adjustments are made toward the 
target after each round is fired. 

b. The successive correction algorithm is easy to 
remember and the decision rules for See situations 
are less complicated than for the current FM 6-40 registra- 
tion procedure, This will make training of fire direction 
personnel easier. 

oe Tint Sraeneiore from the rounds fired in the 
adjustment phase can be used for all fire for effect PERs 
greater than 9 meters. | 

ads information from graze bursts of time registra- 
tion phase can be used to refine adjusted elevation data to 
provide greater accuracy of the estimate of the true regis- 


tration point location. 
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e. The procedure was shown to be less sensitive to 
observer spot errors. 

Pel he wang Glrection Officer 1S not bound to fire 
a specific number of fire direction center positively 
spotted rounds; the number of rounds to fire to attain 
registration corrections is now dependent on the desired 
mecuracy of registration data. 

go In most instances, firing three fewer rounds 
than for the current registration procedure produced equi- 
valent accuracy results. 

h. Ina target destruction mission, the proposed 
procedure will on the average achieve a target hit with 
fewer rounds expended. 

1. The procedure can be adapted to fire a closed 
sheaf destruction mission if time to destroy the target 
outweighs ammunition expenditure. 

2. If the forward observer is equipped with the laser 
range finder and a surveyed registration point exists, then 
the X-BAR registration is recommended over all other proce- 
dures to include SCR SS proposed laser range finder 
center of impact (CI) (undergoing field evaluation) proce- 
dure for the following reasons: 

a. The successive corrections minimize the variance 
of the estimate of the true target center location after 
Soagih round us )fiired. 

Dae idaemaximizes the conditional probability of 


achieving a hit on the re LounGs 
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c. The procedure was found to be generally insensi- 

tive to the following errors: 

(1) Angle T errors 

(2) Slant range errors 

(3) Laser calibration errors 

(4) Observer location errors 

(5) Minor gun crew errors 

(6) "Reasonable" observer lasing errors, pro- 
vided such errors were within 140 meters in range and t8 
mils 1n azimuth. 

The author does see situations where the CI regis- 
tration would be used. Situations will arise where surveyed 
registration points are non-existent; in such instances the 
CI registration either by flash base, radar or laser range 
finder methods must be resorted to. 

3- At this point a “myth” regarding the FM 6-40 proce- 
dure should be dispelled. A figure quoted by the Gunnery 
Department, Fort Sill, Oklahoma (Ref. 17 and Ref. 19) is 
that the current cegieeeren procedure provides a 90% 
assurance that on the average the registration correction 
data will be within 1 PER of the true registration point, 
mois figure 1s certainly true for the “no error” 6 round 
Center of Impact and the 6 round X-BAR procedure, but not 
for the FM 6-40 registration. The appropriate figure is 
Weve The’ percentage was derived by using the theoretically 
developed standard deviation of adjusted range at the com- 


Puetion offaeregistration._and applying the “Z-statistic" 
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-PER 


P(-PER < TC-BC< PER) = O(—sg5pen7-g) - D(—7aSpRRTE) 
= /2%, where TC meTere t6 true target center and EC is the 
registration estimate of true target center. For the 
proposed Robbins-Monro procedure this “probability" is 75% 
if no rounds are considered from the adjustment phase, and 
83% for all registrations with fire for effect PERs greater 


fan Lo meters. 


B. RECOMMENDATIONS 

The following recommendations are made: 

1. That the field artillery adopt the proposed Robbins- 
Monro and the X-BAR precision fire procedures as the 
"standard" field artillery precision fire techniques, with 
the Robbins-Monro technique used only in instances when the 
observer is not equipped with the laser range finder. 

2. that pertinent portions of Chapter 3 of Field Manual 
FM 6-40 (Ref. 14) be amended to reflect the theoretical 
accuracies developed in this study. 

3. That the field artillery consider adopting the 
Eeiosed sheaf" volley fire destruction technique. 

4. That experiments in observer spot capabilities be 
conducted to investigate two distinct observer error proces- 
ses: 

a. The error probabilities of spotting the primary 
PiMacdE&anmht Location of burst; that mS, wee mportamgs @i OVEKs, 
SHORTs, LEFTs and RIGHTs. If it is discovered that the 


probability of making a spot error is less than 5% then the 
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recursive constant for the Robbins-Monro technique could 
be reduced to $ FORK to achieve even greater accuracies. 

b. The observer abilities to estimate distances 
of bursts which .are in close proximity of targets (0-200 
meters) at various observer target ranges. If as a result 
of this experiment it is found that the observer errors in 
estimating miss distances is on the order of modeled 
assumptions made in paragraph D,4 of Section IV, then the 
X-BAR procedure using observer field glass estimates of miss 
Gastances to compute registration corygections should provide 
Greater accuracies of adjusted registration data than the 
proposed Robbins-Monro technique for the same cost in 
ammunition expenditure. This is based on the author's 
computer simulation results using the referenced observer 
error function. The data is not presented in this thesis 


fea oeSe MNO aASSlicrance eExiStsS Emat the assumedserroer function 


may be reasonable. 
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PeerENDIX Az FORWARD OBSERVER SPOT CAPABILITY MODELS 


For the purposes of simulation comparisons of the 
current FM 6-40 procedure and the Robbins-Monro type 1 round 


procedure, two observer spot capability models are employed. 


ineopOt Capability Model 1. The no error model, 


— a 


Observer Target Line 





A 





NO ERROR MODEL 
The following assumptions regarding the no error model are 


made: 
apeerercenerated impact falling within the 10 by 10 


rectangle (C) is reported as a target hit. 

b. An impact occurring in region B is reported as 
a doubtful spot - in other words, the observer is unable to 
peeeterentiate if burst occurred short or over. The doubtful 
region is approximated by a cone whose central angle is 40° 


in manner shown in figure above. 
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c. A round landing within region A is reported as 
a line shot. Again the forward observer is unable to ascer- 
Titian tive actual impact wats to the Weft ox right of the 
actual target center. 

d. A burst occurring in all other regions is repor- 
Hed Correctly, Form example, if ayround impacts in region 


1 


D’, the forward observer always spots it as OVER-RIGHT. 


Pee eee Capabiiaty Model 2. the ‘Error’ Modell, 





Observer Target Line 


THE ERROR MODEL 
The following assumptions regarding the error model are made: 
a. A burst in region C will be reported as a target 
hit. 
b. An impact in region L will be called a line shot. 
Gane ine! observer will onjthe average make a 2% )crrox 
in spotting the deviation of a burst, regardless of burst 


lscatuoneanm belation to the target. 
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Gee keomce Spot EITrors 

(1) Region A = the maximum accuracy region. 
Any impact within region A will be spotted erroneously 2% 
of the time. In other words, 2% of the time an OVER will be 
sensed as impacting SHORT. 

(2) Region B - the maximum error region. 

(a) Of all rounds impacting within region 
Bb, 23% will be spotted as doubtful range. 
(b) Of the rounds not spotted as doubtful 
Pmamjoean anconrect ispot probability will occur. Error pro- 
Pabwlatles Of 5% and 25% for OVER and SHORT bursts were 
investigated. 
e. Discussion of Assumptions for Model 2 

(1) The most controversial aspect of the model 
is probably the shape and the extent of the maximum accuracy 
region. No one seems to know or has documented attempts to 
ascertain this facet of observer capability. The only ref- 
erence available dealt with investigating the accuracy of 
mortar observers in directing high angle spotting rounds to 
targets of unknown range (Ref.7 ). The limited experiment 
suggests that perhaps the sure region may in fact be 
narrower than modeled. 

(2) “Cookie Cutter” probability separation 
between max and min error regions is not an accurate repre- 
sentation, for error probability distributions would be 
mreyariate., “It 1s unlikely that a round impacting far short 


meOovert Would ever be called doubtful. 
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The author does not claim that Model 1 or Model 2 may 
be the valid one to use. Unfortunately, apparently no one 
has seen the need to invest in conducting observer capabil- 
ity experiments to precisely ascertain what the magnitudes 
Of observer errors in spotting quadrant location of bursts 


are. 
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PeerENDIX Bs: SAMPLE COMPUTATIONS OF A PRECISION REGISTRATION 
USING THE RKOBBINS-MONRO PROPOSED TECHNIQUE WITH 
POR RECURSIVE CONS SANZ 


The purpose of this appendix is to show how the proposed 
Robbins-Monro technique is used to compute the adjusted 
Quadrant elevation of a hypothetical precision registration. 
The example will treat most of the decision steps which may 
meisce aS a result of firing. A hypothetical computation 
morm will pempeesent ede the numbered comments appearing 
after the form are keyed to the circled numbers appearing in 


fie table. 


@ 


FORK=8 Pe ka=2 © 


ANGLE T=Omils 


ELE VA TION 
SOOne 
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1. When the observer splits a 100 meter bracket and 
thus enters into the fire for effect phase, the value of 
PORK ancerek are extracted £rom the faring tables. ihe 
initial iteration number "N' is established and is based on 
the value of PER. In the example presented, since the FER 
1s greater than 18 meters, the initial value of N is 3. 

eae ine fairst round im the fare for effect phase resul- 
ted in an OVER observer spot., Since the Angle T = O mils, 
the fire direction center range spot is also OVER. FDC 
applies an opposite elevation correction based on the initial 
FORK /N value and continues to apply this correction to all 
Pe positive range spots till the initial FORK/N bracket is 
achieved. 

3. In (2) the initial FORK/N bracket was not attained; 
the previous FORK/N correction is applied until the bracket 
1s established. 

4, After the initial FORK/N bracket has been achieved, 
N is advanced by 1 each time an FDC range spot is attained. 
In the example ce value of N is now 4. FORK/N is computed 
using the new value of N and applied appropriately to the 
| previous elevation fired. 

5. As a result of applying correction in (4) a doubtful 
FDC range spot has been attained. The round is refired 
using same data as for last round. N is NOT advanced by 1; 
N is advanced ONLY after attainment of an FDC positive range 
Spot . 

6. The correction applied in this step resulted ina 


target hit. 
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7. A TARGET hit is a ‘neutral' FDC positive range spot; 
N is advanced by 1 (N=6 now). NO correction to data is 
applied, the same elevation as for the previous round is 
used. The only difference in handling a DOUBTFUL and 
BoeGetesoote us that N 1s NOT advanced arter*a® DOUBTFUL but 
is after a TARGET. 

8. Based on the corrections applied in this step, the 
equivalent number of FDC positive range spot usable rounds 
as for the FM 6-40 procedure have been attained (6 positive 
sensed rounds) and the mission is terminated. 

9. The computation of adjusted elevation is accomplish- 
ed by advancing N by 1 (N=9) and applying the FORK/N 
correction appropriately based on the last FDC positive 
range spot round. This step completes the computational 
portion for determining the adjusted elevation of the pre- 


Cision registration. 
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Pageant x Gs TABULATED RESULTS OF DIRECT COMPARISON OF 
FM 6-40 AND ROBBINS-MONRO 1 ROUND PRECISION 
REGISTRATION 


The tabulated results presented are from computer simu- 
lation comparison as described in Section III,D. Pages 104 
to 113 contain the results under forward observer spot capa- 
Batity model #1. Pages 114 to 123 show*the results under 
conditions of observer spot capability model #2 with 
maximum error region probability p=0.05; pages 124 to 133 
tabulate the results when maximum error probability is 


p=0.25. ipemabirevlations UuSed sainetmestables are als follow: 


SG -The RM 6-40 precision registration 

RM -The Robbins-Monro 1 round type recommended precision 
fire procedure. The associated number refers to the 
number of fire direction center. fire for effect posi- 
tive range spot rounds (to include the last initial 
bracket round) in computing registration adjusted 
elevation, 


RAD -The average radial miss distance in meters of estimate 
of true target center. 


AMRG-The average absolute miss distance range in meters. 


AMDF-The average absolute miss distance in deviation in 
meters. 


FFERDS-The average fire for effect rounds used. 
SDRG-The standard deviation of the range miss component. 
SDDF-The standard deviation of the deflection miss component. 


Maweotie spandgard deviation of the”fire for effect rounds. 
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FORWARD OBSERVER ERROR MODEL NUMBER 1 


CHARGE: 5SGB RANGE: 2000M PER eel PED: IM 


ANGLE T: 10,8 


ME THOD RAD AMRG SDRG AMDF SDDF FFERDS SDRD 

é GecO mS. 09 6.33. 3.50 4.33 7.17 0.85 
RM3 EnCy aes Tomo. 50m 2. Olea. 45° 4.57 1-17 
RM4 Peo Ome 50 eS. 70m 2.07mNS. 19 85.60 1.16 
RMS eS OSS. 34 2,61 «4698.12 66.603 °° 1,20 
RM6 enous o> 4es | 2,48 2795" 7265.9 1.20 


ANGLE T: 200, 


ME THOD RAD AMRG SDRG AMDF [DDE Er ERDS Ss DRD 
C Sq INS 5.46 © 5 ye FAG (3 10) 3,45 7200 O.89 
RM3 6.64 ORO S gigs ve: 2a7o 3.49 4.34 0.90 
RM4: Cy ge, By al We) Oe 43 2 BENE og 5.34 0.90 
RM5 5.09 4.50 5.74 ‘iplge Ss oS 6.34 0.96 


RMO6 4,68 4.19 SAAS: Pg 1S: 2.80 7234 0.96 


ANGLE T: 400pf 


ME THOD RAD AMRG SDORG AMDF SDP ewe otek DS SoDED 
c 6,13 5) Se. 7,10 200 S55 7. 04 ZOU 
RM3 6.04 Dia ¢ 7.04 2.47 So ALY. cs ee 0.87 
RM4 5.47 SyPies' 6.30 bagi) 2nd Bao O. 87 
RM5 4,97 4,606 a. fo Zo Oe ray, Ish, Ono r One 
RM6 4,45 4.24 5) Aas es 2.30 eo Owe 
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PORWARD OBSERVER ERROK MODEL NOMBER 1 


105 


CHARGE: 5GB RANGE: 2000M PER: 7M PED: 1M 
ANGLE T: 600, 
ME THOD RAD AMRG  SDRG AMDF  SDDF  FFERDS 
C S37 5.62 7.18 2.86 4.19 8.36 
RM3 6-83 5.78 7.16 3.41 4.58 4,31 
RM4 Besore 5.06 6.24 2:01 3902 5,31 
RM5 Pee 4240 5.56 2.52 3,537 6.31 
RM6 Baie +209 5,03 2.29 3:09 7.32 
ANGLE T: 800, 
ME THOD RAD AMRG  SDRG AMDF  SDDF-_ FFERDS 
c baci. te) 6.49 ~ 2.63 3.273955 78.99 
RM3 6.73 °°«5.17 6.51 3.88 5.99 496 
RM4 5.44 AG) ui 20s nets (2 
RM5 Beit 60 4.330C 54400670407) 7.05 
RM6 DSO OO> 4,906 |) 2.20 . Sn clmS 407, 
ANGLE T: 1600, 
METHOD RAD AMRG  SDRG AMDF SDDF  FFERDS 
c 6.33 6.15 7.59 1.95 3.93 8.19 
RM3 Wao@see 0.26 97.85 2.580 54.73 4.06 
RM4 5.57 5.16 6.58 2.17 3.49 #£5.06 
RM5 Meo As7O 5.908 1.79 2260 6.06 
RM6 AQ SRD ace 256i 7 A(O%s 





CHARGE: 


ME THOD 


C 


RM3 


RM4 


RM5 


RM6 


BENGLE T: 


METHOD 


C 


RM3 


RM4 


RM5 


RM6 


ANGLE T: 


ME THOD 


C 


RM3 


RM4 


RM5 


RM6 


ANGLE T: 107 


5GB RANGE: 6000M 
RAD AMRG ~~ SDRG 
Onc + oes 11.20 
ieee 9,90 12,26 
HOpsh me 9205 11.29 
Ones were. 22 » 10517 
One 21.) 900 
2007 
RAD AMRG ~~ SDRG 
homer o. 37 11.6] 
Mie omerO.2s) 12.96 
mOno4 cess 11.89 
ORO Ome oeOO (Lin T7 
ORe3 Sol 8 10.13 
AOOm 
RAD AMRG ~— SDRG 
POonZ Oo. 00 11,43 
Meee On 15 12 567 
S507) 8.92 11-06 
On22 8.18 10.38 
SF0450 8.11 10.06 
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FORWARD OBSERVER ERROR MODEL NUMBER 1 


13M 


AMDF 


4.47 


ASS 


3.74 


yr S.J 


ge 1D 1 


3M 


PRERDS 


PPERDS 


Ono? 
Oned 
0.87 


0.87 


=: 





CHARGE: 


ME THOD 


CG 


RM3 


RM4 


RM6 


ANGLE T: 


ME THOD 


C 


RM3 


RM4 


RM5 


RMO 


ANGLE T: 


ME THOD 


& 


RM3 


RM4 


RM5 


RMO 


ANGLE T: 60071 


5GB RANGE: 6000M 
RAD AMRG ~~ SDRG 
Wiee4s 9,50 11.67 
W432 %10.05 12:66 
hOpcweeeers OO. 10.89 
On Omers 122) 10.30 
Bo | 7 bs | eae 
8OOpi 
RAD AMRG ~~ SDRG 
11.09 8.67 10.90 
ino. 03) 12,44 
hemos er s-91 11.37 
9.90 8.31 10.30 
oF 40m 7 oS Owe 7 
16007 
RAD AMRG  SDRG 
1OoB8  OeeE alia sal 
12.60 10.34 12.90 
eee Oo. 52 11.811 
Sco c.47 10.72 
SeOommo.Ol 10.68 


LOZ 


PER: 


FORWARD OBSERVER ERROR MODEL NUMBER 1 


13M 


AMDF 


3.74 


el 


SDDF 


SDDF 


10.97 


3M 


FFERDS 


FFERDS 


ets Ex 


7.09 


4.20 


0.83 


O.83 


Ores 





FORWARD OBSERVER ERROR MODEL NUMBER 1 


Is es) 


108 


CHARGE: 5WB RANGE: 5500M PER: 20M _ PED: 3M 
ANGLE T: 1076 
ME THOD RAD AMRG SDRG AMDF  SDDF_ FFERDS 
C Memo7 14.47. 18.25 4:98 Wo.12 7 7212 
RM3 ieee, 146 18.25 4.1% 5:18. 4.63 
RM4 14.30 13.38 16.67 4.41 5.39 £5.66 
RM5 13.33 12.33 15.46 4.16 5.23 £46.70 
RM6 ease die 36 14.29 4.37 5237 7.75 
ANGLE T: 200, 
ME THOD RAD AMRG  SDRG AMDF  SDDF  FFERDS 
€ Pewee. St 18.36 4231 5 e7o ey ol 
RM3 iemsOmels.24 18.67 3.85 4.0404. 51 
RM4 Iso ela Ol 17127 3.70 4.74 0eseol 
RM5 inti 12.40 15,47 ~3.70) 94,63 eons 
RM6 12.37 11.65 14.52 3.69 4.65 £7.51 
ANGLE T: 400p6 
ME THOD RAD AMRG SDRG AMDF  SDDF  FFERDS 
C ome 99 17275 0 5. 2 Ome Aen oe 
RM3 15.99 15.07 18.92 4.53 5.78 £4.59 
RM4 Peo 14.36 17,56 4.009 5.30 95.59 
RMS5 lems. O5 16.88 93.79 94.86 8 6.59 
RM6 L268 156386 23568 2ooe@ 7.5 





FORWARD OBSERVER ERROR MODEL NUMBER 1] 


1LO9 


CHARGE: 5WB RANGE: 5500M PER: 20M PED: 3M 
ANGLE T: 600/ 
ME THOD RAD AMRG  SDRG AMDF SDDF FFERDS' SDRD 
on emo 3.73 17.24 957,02 12.30 9.70 © Sect 
RM3 taeeouni4.95 18.67 7.12 9212 9 4.50 0-00 
RM4 15.44 13.38 16.52 6.38 8.26 5.50 0.90 
RM5 rr alee 240° 15.37 9 5.07 9) 7.53) moO. sO OOO 
RM6 Peomoleeteail W494 £5,235 6.02 972500 O.900 
ANGLE T: 800; 
METHOD RAD AMRG  SDRG AMDF £SDDF FFERDS SDRD 
c iemevmels-27 16-48 8.16 14,70 lO lS nos 
RM3 Mors@onie.67 16.90 “7.28 9.259 5.COu dal? 
RM4 weno 7mel. 55° 15.604 “60569 8.52 sonO7 mien do 
RM5 ieee. 196° 915.12 7 6.3 6.220 le 
RM6 iemessee lies 14.390 5.700 7252 5. lous 
ANGLE T: 1600, 
METHOD RAD AMRG  SDRG AMDF  SDDF FFERDS SDRD 
c [Pwieo, £4.56 18.29 325467 95.30 e.67 else 
RM3 eR eat 779 6 OG 8 50a 22) Oe) 
RM4. [meme 13.35 16.66 4.95 97214 5995.39) 0.81 
RM5 iesomel2.2) 15.18 4558990724256 o. 59 Oc 
RM6 iemeccemil 41 13.99 3.97 5.:759997.39 £0.81 


FORWARD OBSERVER ERROR MODEL NUMBER 1 


Ak, 


CHARGE: 6WB RANGE: 8000M PER: 27M PED: 4M 
ANGLE T: 10, 
ME THOD RAD AMRG  SDRG AMDF  SDDF FFERDS' SDRD 
G PomzOr 18.57 23.29 6.26 7.727 7210) 6.69 
RM3 BOa20 90.02 23.64 5.61 7:10 4:67 “1,16 
RM4 Hes99 17.57 22.17 5.76 7.03 “5am 1158 
RM5 ino) MI6.31 20.35 5.69 7,08 “we. 75). 1.20 
RM6 e708. 15 20.11 5.74 6.99 Y7 soi 4223 
ANGLE T: 200Opf 
METHOD RAD AMRG  SDRG AMDF  SDDF FFERDS’ SDRD 
‘e 21.13 19.64 24.36 5.95 8.55 7.25 1.09 
RM3 21.70 20.54 25.61 5.58 6.96 4.53 0.92 
RM4 PimOcmN1o. 95 24.72 5 5.46 Aoseomensecoe meOnee 
RMS eZ 17,59 211,84) 195.296. se) ont e. 2 
RM6 li7.64 816.50 20.76 5.08 6.39 7.53 0.02 
ANGLE T: 400 
METHOD RAD AMRG  SDRG AMDF  SDDF FFERDS SDRD 
c piecOr mOs15 24910 (7.53 SileOommoels lel 
RM3 PemeAw 19.23 24811) 6Gel7eme7e7 7 eel, | O.89 
RM4 eno7 18.54 23.17 80 | 7522 °° 55.51 0,89 
RM5 mee7s 997.62 22.17 5.32 6.68 6491 40,89 
RM6 yes7) 06.21 20.37 5.08 6.36 7/51 6.89 





FORWARD OBSERVER ERROR MODEL NUMBER 1 


dugval 


CHARGE: OWB RANGE: 8000M Pik: 27h FED ao M 
ANGLE T: 600p;/ 
METHOD RAD AMRG  SDRG AMDF £SDDF FFERDS 
c 26.23 18.54 23.21 14.52 23.62 9.88 
RM3 Pemsom 20215 24.78 9,13 1273974546 
RM4 2067 8.12 22.53 7.83 10.49 £45.46 
RMS ieee iG.40 20.77 7.05 9.289) 6:46 
RM6 Waesoemls. 40. 19.34 6.70 8276 9°7.46 
ANGLE T: 80Opf 
METHOD RAD AMRG  SDRG AMDF  SDDF FFERDS 
C porte e.lS 22.5838. 12.31 17.11 elOess 
RM3 pees s.2) 22.89 10,2) “13.00 5.00 
RM4 Best el7.72 22.09 9.41 12,30 §)6.0s8 
RMS rome sloe40 20.34 8290 T1270 see 7 
RM6 Mewso 15.33 19,21 8.27 10.92 3.24 
ANGLE T: 1600, 
METHOD RAD AMRG  SDRG  AMDF  SDDF_ FFERDS 
E BOmSou 16.65. 23.52 65259 713270 mca 
RM3 Pee 20,19) 24,82) 7.740 10.1 4.co 
RM4 Pom? 7 eleeo0 23.36 6.43°988.902 65.29 
RM5 meomcoweml7.55 22.70 ~§ 5.39 87.51 6.39 
RM6 imeoleelO,.68 21,09 4,96 6,88 9 7.39 





FORWARD OBSERVER ERROR MODEL NUMBER 1 


Jig De 


CHARGE: 6WB RANGE: 1LOOOOM PER: 34M PED: 5M 
ANGLE T: LO 
METHOD RAD AMRG SDRG AMDF SDDF FFERDS 
E Pemews 21.81 27.27 6-89 8.77 “744 
RM3 Powbo 24288 31.20 6.81 8.58 4.58 
RM4 Poe 22.85 28.47 £47.24 “8.89 “5.63 
RM5 Zemeoee2le64 260.73 7205 (8477 6268 
RM6 pico 1584 25.05. 7.21) 8.890 7272 
ANGLE T: 200, 
ME THOD RAD AMRG  SDRG AMDF  SDDF FFERDS 
e Bomea 24.2 30.64 7.8%) Lies4 eee e> 
RM3 DomsOu 24.719 30.67 6.80 65625445 
RM4 pamom 22.13 27.61 6.49 8.39 5995245 
RM5 PieiG. 20.45 25.57 “64270 759° mores 
RM6 Boss) 19612 24.38 6500 7.53 Wi7-45 
ANGLE T: 400A 
METHOD RAD AMRG  SDRG  AMDF  SDDF  FFERDS 
C Powos) 23.07. 28.94) Gest 1355 sec.c9 
RM3 26056 24-74 31.20 7.30 9.36 4.47 
RM4 Pome 23.49 29.34 7.15 | 992.00 5.47 
RM5 Pema Omr 21275. 26,748 6.50 ) S22 om7 
RM6 Pome ae 26,23 6,34. (Sellen 7.47 





FORWARD OBSERVER ERROR MODEL NUMBER 1 


ks 


CHARGE: 6WB RANGE: 1OOOOM PER: 34M PED: 5M 
ANGLE T: 600, 
METHOD RAD AMRG  SDRG AMDF  SDDF FFERDS  SDRD 
Cc BAmaomee 4. Co s0.55 19,290 30.75 os, OC aTs 
RM3 Domo 4.34. 30.31 10.60 14505 4445 880576 
RM4 PeCOmne 272) 26044. 99,25 125335 95645 mer 70 
RM5 Dyes 21) 6S OS 12 ae PM me PC) aie (0)4 976: 
RM6 Pee cleo. om 24.8500 7.90 10. 36mm 7-45 meen © 
ANGLE T: 800pf 
METHOD RAD AMRG  SDRG  AMDF SDDF FFERDS SDRD 
e Oe Se 2S. 50 1.5 OA mee ..Ol mL O. Osmo 
RM3 Pome eaae eo .07 12.23. 5.00 4. 09m a l.ilG 
RM4 D5 eS? mel COM 20.01.) NOnCOme] 4 2 Cre OmmmnmNE, 22 
RM5 P4n53 2044) 25.45 ) 10.419 13.98 Beye Oh.24 
RM6 PemG4 G2 0l. 24°51 99596) 13°45 ees Omens 
ANGLE T: 1600/4 
METHOD RAD AMRG SDRG AMDF  SDDF FFERDS SDRD 
C 25@0Ne  Zewese “Aes Cte GAAe Geese ae 
RM3 Pons SO 20,02 Jn S. / 1 ie OGM, SOME O72 
RM4 PAMOW—e 269 228.25 Sf. ol eO.56 moa SS MO. 72 
RM5 2D Ome Oe OM 2.628 AO, 04 MeO Ons CP Oe 2 
RM6 21, Oe Bee wewesWie “GR Shey Wee “OR 





FORWARD OBSERVER ERKOR MODEL NUMBER 2 


mAAKGE: 5GB RANGE: 2000M Bek >) 7M PEDs ea 


PROBABILITY OF ERROR IN MAXIMUM ERROR REGION P:0.05 


ANGLE T: 10, 


114 


ME THOD RAD AMRG  SDRG AMDF SDDF  FFERDS 
S Omens. O62 i737 3651. 4526 7 741 
RM3 eg eee 7.06 11648 Se0le 362)” Aazo 
RM4. Wao wmens! 10.46 ~ 2e86. Seas 5.84 
RM5 pee S60 Of04 2.82 is so ioace 
RM6 5.99 5.33 9.15 2.71 3.22 7.93 
ANGLE T: 200, 
METHOD RAD AMRG  SDRG AMDF  SDDF- FFERDS 
ou 6.73 SCA 77a Sewer s 
RM3 8.47 7.86 10.91 .3.10 4.30 4.52 
RM4 Guese 6.89 9.59 2.80 93,900 98 5.52 
RM5 6.54 O64 Basy 2a . 2S ore? 
RM6 EOS 4900 7.92 2236 a3 25S 
ANGLE T: 400p1 

METHOD RAD AMRG  SDRG AMDF  SDDF- FFERDS 
C mec. 20) 8.14 E277 4 oe ao 
RM3 epsom? 253 «1.0.92 §3.60 ec. com 4652 
RM4 wes. 6.6) 9.74 3.25 98235) Sa52 
RM5 ees 5.88 8.88 2.98 8200. 6.52 
RM6 BROCE S225 90.24 "2.70 797.69me 7.52 





FORWARD OBSERVER ERROR MODEL NUMBER 2 


CHARGE 5GB RANGE: 2000M ee Re PED: 1M 


PROBABILITY OF ERROR IN MAXIMUM ERROR REGION P:0.05 


ANGLE T: 6005 


a LS; 


ME THOD RAD AMRG SDRG AMDF  £SDDF- FFERDS 
C 8.73 7.53 10.47 3.83 8.48 8.39 
RM3 Seo lO. 74 4586. 08.73 4.48 
RM4 8.05 O58 eOnG)] 4,22 Be Oe ars. 428 
RM5 foie S290 8.61 3.65 72bS 9" 6.48 
RM6 6.58 5.52 8.07 3.38 7.19 £7.48 
ANGLE T: 8OOpt 
METHOD RAD  AMRG  SDRG AMDF  SDDF- FFERDS 
6 meee .SO ) 7.398 = 3.92 97.50) o5a4 
RM3 2253 6.50 9.108 4.96 8.690 £5.35 
RM4 7.27 5.63 8.03 4.29 7.87 # 6.49 
RMS peste 5.16 7536 - 3.750 6. Olm aoe 
RM6 Beet OC On 3 eS eS 4 eC) aon 
ANGLE T: 1600% 

METHOD RAD AMRG  SDRG AMDF  SDDF- FFERDS 
E eeoleeG.97 9.08 §3.904 008.11 e745 
RM3 Memeo) 6.87 8.92 7.11 12.389 42506 
RM4 eons. 937.76 5.72 10.602 E5206 
RM5 pmgoree 5.20 6.99 4.76 9.56 6.00 
RM6 fea) 4.91 6248 4527 ee 2 eee 00 


FORWARD OBSERVER ERROR MODEL NUMBER 2 


BHAKGE: 5SGB 


RANGE: 


6000M 


[ESB IE: 


13M 


Pree Nl 


PROBABILITY OF ERROR IN MAXIMOM ERROR REGION P:0.05 


ANGLE T: 10,4 


ME THOD 


C 


RM3 


RM4 


RM5 


RM6 


RAD 
Ia 24'S) 
2 Oe 
ialy 29 
IONE 748, 


ORO 


ANGLE T: 200, 


METHOD 


C 


RM3 


RM4 


RM5 


RMO 


RAD 


Zs 


12.87 


11.90 


10). 90 


ROP es: 


ANGLE T: 4007 


METHOD 


Cc 


RM3 


RM4 


RM5 


RM6 


RAD 
tO 
12.46 
11.40 


10.44 


AMRG 
TO Or7 
es Ol 


IO) ele 


a4 
14.90 
IL 2) 5 (Ole 
191. 9O 


iOS 


SURG 
14.03 
Sy, 
13.94 
ded eB), 


JES Sha 


SDRG 
14.43 
14,49 
So 
ie 


ie 7 


alts 


AMDF 


SDDF 


7.2/ 


7.49 


KeEK YS 


Teas 
4.87 
5.95 
7.04 


Sauls 


FFERDS 


FFERDS 


FORWARD OBSERVER ERROR MODEL NUMBER 2 


CHARGE: 5GB RANGE: 6000M PER: 13M PED: 3M — 


PROBABILITY OF ERROR IN MAXIMUM ERROR REGION P:0.05 


ANGLE T: 600; 


METHOD 


S 


RM3 


RM4 


RM5 


RM6 


METHOD 


C 


RM3 


RM4 


RM5 


RM6 


METHOD 


C 


RM3 


RM4 


RM5 


RM6 


RAD 
ote Oo 
14.85 
13.47 
12.41 


1. 20 


ANGLE T: 8OOpf 


RAD 


2.50 


13.45 


Ihe SS 


Me Oy 


Ose 


ANGLE T: 1600 


RAD 
14,39 
16.31 
13.79 
12 StS 


dee) S| 


AMRG 


One 7 


ee 5 


10.93 


EOe ol 


SURG 
14.07 
16.64 
Sie 210 
14.43 


ITS eye, 


SDRG 
IWS iO) 
3.07 
12.44 
eels 


Ones 


SDRG 
35 50 
iLeye eal 
ee Oe 
IOLA is: 


10,84 


1 ls7 


AMDF 
Vote 
LO 416 
S257 
we S2 


Ono 


SDDF 


SDDF 
Ws 
16.18 
ear! 
12.41 


Ie Ore 


FPRERDS 


FRFERDS 


FFERDS 





FORWARD OBSERVER ERROR MODEL NUMBER 2 


CHARGE: 5WB RANGE: 5500M Pes ese Ov eB eg 


PROBABILITY OF ERROR IN MAXIMUM ERROR REGION P:.0.05 


ANGLE T: 10, 


METHOD 


e. 


RM3 


RM4 


RM5 


RM6 


METHOD 


c 


RM3 


RM4 


RM5 


RM6 


RAD 
INS) 1e)6} 
16.41 
155 
13,76 


13.46 


ANGLE T: 2007 


RAD 
lh esal 
Heo / 
14,84 
ees: 


eels 


ANGLE T: 400;4 


ME THOD 


o 


RM3 


RM4 


RM5 


RM6 


RAD 
ck 5 
Leo l 
WS)5 Sie: 
15.04 


14.15 


AMRG 
Teco 
sien shs) 
14,44 
12.80 


li 623 


AMRG 
Os 33 
15.14 
3.98 
Ney 16S 


12.29 


AMRG 
15.54 
16.42 
156 11 
i. OS 


13.19 


SDRG 
EO oh 
20.31 
18.92 
16.99 


VG soc 


SDRG 
lig 
19.09 
Wes ee: 
Grea 


15.49 


SDRG 
19.81 
26,24 
24,68 
23.40 


22.42 


lS 


AMDF 
5.239 
4.41 
4.30 
4.21 


4.56 


SDDF 
6.64 


5.48 


SPD 
GRLeTS 


165 25), 


PRPERDS 


FRFERDS 


FFERDS 





FORWARD OBSERVER ERROR MODEL NUMBER 2 


119 


CHARGE: 5WB RANGE: 5500M PER: 20M PED: 3M 
PROBABILITY OF ERROR IN MAXIMUM ERROR REGION P:0.05 
ANGLE T: 600; 
METHOD RAD AMRG SDRG AMDF SDDF FFERDS 
C POE e160.89 § 22.74) 9.19 15.59) = 9-All 
RM3 AOO 16.24 20.54 10088 15.37 4.62 
RM4 ieee ae i4s43- 18.44 9.16) 13716) 95.62 
RM5 iemoomwis.30 16283 8.19) 12.17 6262 
RM6 IGMeI 12508 15.57) 7.56 1ile7o)) 7.62 
ANGLE T: 8OOpf 
. METHOD RAD AMRG  SDRG AMDF  £SDDF  FFERDS 
C imeocee i411 18.03 "6.66 13.468 locee 
RM3 Ponies. 73° 18.73 11.22 16.28 5.81 
RM4 izecOmels. 6 16,860 9272 = 4.22 meOnOS 
RMS5 15-95 2.35 15.60 8.41 12.68 98.18 
RM6 nace ti Sih. COmn 97.40). lO common oO 
ANGLE T: 16005 
ME THOD RAD AMRG  SDRG AMDF  SDDF  FFERDS 
G iheonwea 15,99 20.28 8.55) Ss, 97 7.37 
RM3 Pesoe 4-70 18.24 12.47 9 21.33.00 4.45 
RM4 Ne; SWOe 12.52 16.80 10.47 18.82) 5.45 
RMS tg@euoe 12.16 15.24 9.31 16.81 £46.45 
RM6 Pee. 45) °14.55 7.90 TM.86 97.45 





FORWARD OBSERVER ERROR MODEL NUMBER 2 


CHARGE: 6 RANGE: 8000M ee) ee I PED: 4M 


PROBABILITY OF ERROR IN MAXIMUM ERROR REGION P:0.05 


ANGLE T: 107 


METHOD 


ce 


RM3 


RM4 


RM5 


RM6 


RAD 
21.44 
20, 09 
19.73 
e305 


(eee 


ANGLE T: 200, 


ME THOD 
Cc 
RM3 
RM4 
RM5 


RM6 


RAD 
oe oo 
23.49 
zero 
20, O07 


19.77 


ANGLE T: 4001 


METHOD 


C 


RM3 


RM4 


RM5 


RM6 


RAD 
22) OWE 
22.42 
lee Je) 
19.14 


1s Ate Fh 


AMRG 
Li Systehs 
Lo, 24 
Wes 1S: 
i OMe 


1 (Oess)s 


AMRG 
AAS) 
Eien Fae 
Fn O58) 5, 
18.91 


Ibe Ve 


AMRG 
20.99 


20); oe 


IY SVS 


ia) 


SDRG 
Ne WILT 
25.00 
Zoe 
Pali (oF ¢ 


ZO oe 


SDRG 
A eRe S: 
34.14 
See: 
BLO es 


20. 70 


SDRG 
Zhao) 
20,24 
24.43 
Zee 


Slee oe 


1410; 


SDDE 


sSDIB Ie 


dea fed 


FRERDS 


FPFERDS 


PRPERDS 


4 — 





FORWARD OBSERVER ERROR MODEL NUMBER 2 


CHARGE: 6 RANGE: 8000M PER: 27M PED: 4M 
PROBABILITY OF ERROR IN MAXIMUM ERROR REGION P:0.05 
ANGLE T: 600, 
METHOD RAD AMRG  SDRG AMDF £SDDF FFERDS' SDRD 
@ pene 2 e238 650) 35.05 = 15.55 )25 007 | onc2 ee O4 
RM3 Paeoge 20.80 26.52 11.02 452.29 4.590 los 
RM4 Poe Onell) 25.25 ofr: 0 Ran ic ar 7 GS 1° BO Yc 
RM5 Ze ROO 1 9nO5) 24,03 8,8) 12.20 6250 8 eos 
RM6 2OnO5 18.29 22.94 B12) 10.2 on oO eos 
ANGLE T: 800, 
Mz THOD RAD AMRG  SDRG AMDF £SDDF FFERDS SDRD 
é PARC cuerOor@c.) 24.43°° 12225 18709 16,clme 2205 
RM3 Awe 19.90 25.13 12.02 16.36 5.48 1.73 
RM4 Pema el8sS7 23.00 »10504) IA se7e 626401. 7c 
RM5 ZOmoamello,O7 § 21.07) 10.11 ie 87 owes 
RM6 19.53 15.72 19.45 6:36) 12g@ (85o30 neo 
ANGLE T: 1600, 
ME THOD RAD AMRG  SDRG AMDF £SDDF FFERDS SDRD 
C MEMOOeNeO.97 26.19 10,07 Bilez07 @ 7.15) 1. 67 
RM3 ome 20.08 25.75 12200 224) 4.47 Onze 
RM4 pemee 19,34 24.13 210.10 1990495547 40.78 
RM5 oime4e 17.96 22.51 Sipisieu 1k 7/ 2x8) By OR 7s: 
RM6 emg 7.63 21.55 Sole wWiSe¢7 ae7ac? Ons 


Wl 















ae —- a Be Oe _ 


FORWARD OBSERVER ERROR MODEL NUMBER 2 


CHARGE: 6 RANGE: J1OOOOM PER: 34M ED ol 


FROBABINAITY OF ERROR IN MAXIMUM ERROR REGION P:0.05 


ANGLE T: 10% 


METHOD 


C 


RM3 


RM4 


RM5 


RM6 


RAD 
25.43 
20.5 / 
Ze OL 
Ee SL 


12 Nepal 


ANGLE T: 200, 


ME THOD 


C 


RM3 


RM4 


RM5 


RMO 


RAD 
29.73 
23292 
262 
24,62 


2S (Bye: 


ANGLE T: 4007 


METHOD 


Cc 


RM3 


RM4 


RM5 


RM6 


RAD 


Zo.O01 


28.48 


25.05 


Za 23 


Bees 7 


AMRG 
Fn ie 1 aN 
24, 64 
2am oo 
Zall < 7Ak 


19,41 


AMRG 
2/.38 
24.20 
24.51 
22.297 


Clee © 


AMRG 
20650 
26.09 
Ze 1 1 
ewe O 


20.84 


SWE 
30.47 
Soo 
29.90 
ZOwse 


24,27 


SDRG 


35/06 
S00 ou 
29.08 


23.00 


SDRG 
34,69 
BY nae 
30.39 
ie 


ZO) 6 PAS) 


ZZ 


AMDF 


AMDF 
9.36 
8.64 


7 oles 


SDDF 
10.83 


eo 


SDDF 
ie 
Ide Be 
10.34 


9.69 


154) 2) ed 


FFERDS 


FFERDS 





ee si. re a OS > ; _ 


FORWARD OBSERVER ERROR MODEL NUMBER 2 


CHARGE: 6 RANGE: 1lOOOOM PER: 34M PED eM 


PROBABILITY OF (ERROR IN MAXIMUM ERROR REGION P:;:0.05 


ANGLE T: 60074 


ME THOD 


C 


RM3 


RM4 


RM5 


RM6 


METHOD 


C 


RM3 


RM4 


RM5 


RM6 


METHOD 


e 


RM3 


RM4 


RM5 


RM6 


RAD 
Bis Alo 
32.03 
29637 
27.41 


25.40 


ANGLE T: 800; 


RAD 


One / 


SOKO 


21.98 


ales (oylk 


24.25 


ANGLE T: 1600 


RAD 
20/0 
Sal Ole 
28.04 
PAO ARS) 


Batic 2) Al 


AMRG 
20.53 
2 el) 
be i ee. 
23,49 


DAMN 


AMRG 
23.00 
24.29 
22g oe 
20.45 


19.46 


AMRG 
25.44 
24.96 
23.45 
Bae oS 


a O)5 (Sia) 


SDRG 
BS ALe 
33,80 
38. 66 
29 a0 


PATE Ge, 


SDRG 
29.96 
30.06 
2702 
EBS G38) 


24.51 


SURG 
Boe 
31.46 
29222 
Pn igh fo. 


Ono 


AMDF 
BEKO) a's: 
Re Ks) 
I. 66 
IL Ors tele 


9.94 


AMDF 
a ayy Je 
14.306 
13.14 
72) ts Fea 


BRIE il 


AMDF 
Wik VAS 


Or 


N23 


SDDF 
30,50 
Reet 
i to 
14.39 


13.04 


SDDF 
Palle 510) 
20.01 
Ton07 
G%i63 


15.54 


SDDF 
35495 
19.70 
16.74 
VS. LO 


1369 5 


FFERDS 


FFERDS 


ale, 13 


FRFERDS 


Taio 


4.48 


FORWARD OBSERVER ERROR MODEL NUMBER 2 


CHARGE: 5GB RANGE: 2000M PERSe7 PED: 1M 


eos bali ty OF ERROR IN MAXIMUM ERROR REGION P:0.25 


ANGLE T: 10pt 


ME THOD 


Cc 


RM3 


RM4 


RM5 


RM6 


RAD 
7245 
7.94 


C230 


ANGLE T: 200m 


ME THOD 


e 


RM3 


RM4 


RM5 


RM6 


RAD 


7.69 


ANGLE T: 400/f 


ME THOD 


cS 


RM3 


RM4 


RMS 


RM6 


RAD 
9.25 
9.05 
7299 
C207 


On o2 


SDRG 
a Doe yA 


12 (Oe, 


124 


SDDF 


4.10 


PP ER DS 


FRFERDS 


FFERDS 





FORWARD OBSERVER ERROR MODEL NUMBER 2 


SHakGE: SGB RANGE: 2000M PEK oa ed BIB 3 Ey 


Weeoes Glick Ty OF BRROK IN MAXIMUM ERROR REGION P:0.25 


ANGLE T: 600, 


eS 


METHOD RAD AMRG  SDRG AMDF  SDDF FFERDS 
G IasOile OI 17.47 = 4569 15761" 8635 
RM3 MeeZOmwO.24 13.28 4.4269 7.605 4550 
RM4 SC meen 12,42 4.146202 5656 
RM5 Sey 7 274 11,32 93.61 (6.823) (6.50 
RM6 Selo weegese 110.79) 2218 “5.86 97.50 
ANGLE T: 8OOpf 
ME THOD RAD AMRG  SDRG AMDF  SDDF-  FFERDS 
we prolememen9S 10-40 5.47 ieee. 16562 
RM3 SLCCMMZC1 2. 10.10.) 6.27) 10.2 oO maar ell 
RM4 8.64 6.31 8.88 5.39 8.92 7.05 
RM5 7.45 5.55 8.04 4,64 7.93 8.30 
RM6 6.63 5.09 7.38 4.09 7.11 9.49 
ANGLE T: 1600/4 

METHOD RAD AMRG  SDRG AMDF  SDDF _ FFERDS 
C Mcmecmno.07 0.23 9135535 20200) 7.35 
RM3 iwesom 7.08 9.22 1454925760 4-10 
RM4 mec 6.37 8.17 12.96 23.57 5.10 
RMS [igloo 5.74 7.46 1WkO3 21,98 76,10 
RM6 ieeoe sees 6.87 Wh34i 21579" 7.10 





FORWARD OBSERVER ERROR MODEL NUMBER 2 


SHARKGE: 5SGB RANGE: 6GOO00M Pe ke es oh im Dis hy 


Beebe erLify OF ERROR IN MAXIMUM ERROR REGION P:0.25 


ANGLE T: 10 


Zo 


METHOD RAD AMRG  SDRG AMDF  SDDF_ FFERDS 
c iene, lemme 13,37. 4.89 "6.32 §7.,49 
RM3 Wwoom lind. 14.53 4,54 95.65 84.86 
RM4 imme 7oeelO.35 3.03 4.63 52579 52.93 
RMS Oreo o.55 11.92 84654 5.66. 7,03 
RM6 hOncOmeeon lS il. 59 4.575955. 70 6 oel3 
ANGLE T: 2001 
ME THOD RAD AMRG  SDRG AMDF  SDDF- FFERDS 
G We 7434 16,910 A.386 "6526 se o4 
RM3 ien7oel2.382 16.87 4.37 5.80 4.55 
RM4 12.41 11.33 15.24 4.38 5.75 5.55 
RM5 miso IOn40 14.12 SAnsO Ns. oemrmorss 
RM6 woe7S 9266 13,13) 4:22 095525 eee os 
ANGLE T: 400 

METHOD RAD AMRG  SDRG AMDF SDDF  FFERDS 
e mnOoun 12.72 16.31) 4.95 7-27 ee. 19 
RM3 mess 13.06 16.76 4598 996.54°54.54 
RM4 Pees) Wie4 14.97 4.315.719 5.54 
RM5 11.75 10.83 13.81 4.11 5.36 6.54 
RM6 femme O.81 12.74 3.89 4.96 £7.54 


a 
_— 
.* 
Va 
a 
a 
— 





a 





-— 


FORWARD OBSERVER ERROR MODEL NUMBER 2 


CHARGE: 5GB RANGE: 6OOOM Pek oh PED 


PROBABILITY OF ERROR IN MAXIMUM ERROR REGION P:0.25 


ANGLE T: 600p 


METHOD RAD AMRG SDRG AMDF  SDDF_ FFERDS 
@ momo ho. 14 22,97 9) 7,08 ) 12.80.) 8.15 
RM3 16.91 13.93 18.69 8.36 12.56 4.56 
RM4 M45) leet 16,96 7.52 Tls4l Ses 
RM5 13.99 11.50 15.24 6.81 10.32 £6.56 
RM6 Wes4 11s 14.50 6.27 49.45 £7.56 
ANGLE T: 800% 
METHOD RAD AMRG SDRG AMDF  SDDF  FFERDS 
S aes omlOn 1S 1s.08 1) 660 14.0 10.2 4 
RM3 iee7oe 12.10 15.12°- 8,91. 12, 445 as 02 
RM4 Iso5 10.53) 13.42 47.660 1 1eOae cme. © 
RM5 i275 99.99 12 548 6.99 9905S es .45 
RM6 Ipese (69.45 11.85 6.30 938796 Meer. 
ANGLE T: 1600/4 
METHOD RAD AMRG  SDRG AMDF  SDDF  FFERDS 
C 2 elom Ono) 13.79 20.78 929.45 7.22 
RM3 Boyles 11.32 14,12 20.27 28.9084. 25 
RM4 PeesceerO. 12 12.81 17.90 7 25.705 .25 
RM5 Pen-ome 9.060 11.96 15.99 23.19.96 .25 
-RM6 momeeer 6.26 11.47 14.70 2.5955 7.25 


27 


FORWARD OBSERVER ERROR MODEL NUMBER 2 


CHARGE: 5WB RANGE: 5500M PEks 20M ie Dee 


ReOeeBlieRtyY ©F ERRORVIN MAXIMUM*BRROR REGION P:0,25 


ANGLE T: 10, 


ME THOD 


Cc 


RM3 


RM4 


RM5 


RM6 


RAD 
Oo 7 
16.80 
te 7 
14,58 


14,04 


ANGLE T: 200, 


METHOD 


C 


RM3 


RM4 


RM5 


RMO 


RAD 
17.49 
7.09 
15:69 
14.52 


13.33 


ANGLE T: 400, 


ME THOD 


c 


RM3 


RM4 


RM5 


RM6 


RAD 
20.08 
19.19 
H7 5 LO 
Sy omlk 


14.65 


AMRG 
15.42 
ISS) 
14.62 
1S 00 


Ii Le 


AMRG 
OOo 
Ney le 
14,99 
MSs tere: 


2 Oe 


AMRG 
Nese, She: 
cay 516s, 
1215 Sve 
14.25 


ee? © 


SUKG 
12 o2 
24,89 
PLB) SPAT 
Zook 


lig oe 


SDRG 


Ze ONY 


20.74 


Toe Ow 


S/O 


IS tes, 


SDRKG 


BS OAS, 


25.02 


FOI, 


Wei 5 Vee 


17.84 


We 


SDDF 


7294 


10,13 


PRERDS 


EGE: 


FFERDS 


FFERDS 


TEE 


4.75 


SDE 


O29 7, 





FORWARD OBSERVER ERROR MODEL NUMBER 2 


PHAKGE: SWB RANGE: 5500M PE Ree OF PE Da Sh 


Be OBABTETTY OF BRROK IN MAXIMUM ERROR REGION P:0.25 


ANGLE T: 600Opf 


METHOD 


@ 


RM3 


RM4 


RM5 


RM6 


RAD 
29.40 
24,16 
eeecs 
“allies 19) 


19,36 


ANGLE T: 80Opf 


METHOD 


C 


RM3 


RM4 


RM5 


RM6 


RAD 
21.20 
22.25 
18.97 
7 Alo 


ike Riepl 


ANGLE T:1600/ 


METHOD 


C 


RM3 


RM4 


RM5 


RM6 


RAD 
32.05 
31.34 
29.31 
27.14 


fais) 6 SUS 


AMRG 
20.05 
HS emis: 
ea © 
16.86 


15.94 


AMRG 


HOS 


iO, 12. 


14.15 


12.99 


Zoo 


AMRG 
Bios re! 
14.98 
14.40 
tS. 12 


eZ 6. 


SDRG 
Ge), (Ole 
ae ho 
23.93 
Z2og0o 


aden (8, 


SDRG 
21,02 
20,45 
LZ ow 
1 omens) S' 


ae es. 


SDRG 
Wo SS: 
Se OO 
LG 5 Oe. 
16,34 


NS) ay 


129 


AMDF 
EO, O23 
12.09 
Lids 
118) 5S: IL 


8.98 


AMDF 
ILI eI 
lie C7 


JOS 74 


AMDF 
2a 608 
24.02 
Zea 
20.90 


Wie abs 


SDDE 
dois ANS: 
7. oG6 
Neo) 
Ca 


14.87 


SDDF 
io. 7 
17.34 
OW 
tS oul 


122 


SDDF 
SO. se 
34.23 
SLs Ss: 
29.605 


Zhi l® 


FRFERDS 


9.43 
4,68 


5.68 


FFERDS 


IOUS abe 


FRFERDS 





FORWARD OBSERVER ERROR MODEL NUMBER 2 


CHARGE: 6 RANGE: 8000M oR eA PED: 4M 


POs Se MelTY OF ERROR IN MAXIMUM ERROR REGION FP:0.25 


ANGLE T: 10 


ME THOD 


C 


RM3 


RM4 


RM5 


RM6 


METHOD 


C 


RM3 


RM4 


RM5 


RM6 


RAD 
21.36 
23.42 
21,91 
20.95 


19.09 


ANGLE T: 200;% 


RAD 


23.42 


BS IAN 


Ne oie 


18,80 


17.74 


ANGLE T: 400p% 


ME THOD 


C 


RM3 


RM4 


RM5 


RM6 


RAD 


5) “GAN 


24.51 


BEEBE, 


20.49 


19.79 


AMRG 
19.91 
Ea foi My 


2 hee 3 © 


IL shot 


AMRG 
22,03 
Zee 7 
20,0) 
cle, 


erase. 


AMRG 
(278) = AS, 
Be aS: 
PAL, eA 
19.02 


Jey 2) 


SDRG 
25.19 
8) 6 Nie 
PAT oy IES 
255, V2 


23.48 


SDRG 
SORA 
30.00 
28.19 
22536 2) Il 


24,62 


1S) ©, 


AMDF 


6202 


SDDF 


LOR 6 


LOL eo 


FFERDS 


FRERDS 


FRERDS 


SURD 








FORWARD OBSERVER ERROR MODEL NUMBER 2 


CHARGE: 6 RANGE: 8000M PEeks 27 PED; 4M 


PROBABILITY OF ERROR IN MAXIMUM ERROR REGION P:0.25 


ANGLE T: 600 


METHOD RAD AMRG SDRG AMDF £SDDF  FFERDS 
C wea. tS. 64.20 17,99  Siljsouo.53 
RM3 eee eee a5 9C 8 2a,07 12.72 el ao eee eS 
RM4 27.58 23.58 30.41 11.28 15.39 5.65 
RMS PA.70 21.22 27,63 10.09 i8.50 86.65 
RM6 PPO Co 7 625,90 9707. 12. smn OS 
ANGLE T: 8007 
ME THOD RAD AMRG SDRG AMDF £SDDF- FFERDS 
C pO OmECO.SO 26.40 15.37 5 2iolo eos 
RM3 Pima 2On57 25.71 15.22 20513 o.22 
RM4 Pomolm 20.09%) 24.590 13045018 S12 eee 62 
RMS 22nso 218.13 22,11 12.54 16.8299) 38.97 
RM6 Pymmoee 16,84 21.20 (1527 15239) WOe25 
ANGLE T: 1600p 
METHOD RAD AMRG  SDRG AMDF £SDDF- FFERDS 
C Mies2 19.82 25.79 31464 44.5549 7.21 
RM3 eyo 29.59 25.84) 27.108 36.54 e 44> 
RM4 eepele 1.05 252948 25.37 34.71 eee o> 
RM5 ees 18.07 22.69 268.86 32.70 96.45 
RM6 pomo2))16.82 21.24 2.88 30.18 9) 7245 


Ali 





FORWARD OBSERVER ERROR MODEL NUMBER 2 


CHARGE: 6 RANGE: 1OOOOM PER so4M PE Daa 


Pie bell dy Or EKRORSIN MAXIMUM ERROR REGIONS P20725 


ANGLE T: 10; 


METHOD 


C 


RM3 


RM4: 


RM5 


RM6 


RAD 
CoS 
PTA, 
en PAA 
24,39 


Pie |i 


ANGLE T: 200 pf 


METHOD 


C 


RM3 


RM4 


RM5 


RMO 


RAD 
29.45 
29.28 
ATES ONE: 
7S) 29 AL 


24.18 


ANGLE T: 400, 


ME THOD 


C 


RM3 


RM4 


RM5 


RM6 


RAD 
34.34 
30.86 
FATE EN) 
ERS) (35) 


24.20 


AMRG 
25, 84 
BI fe 
24,31 
Le eS, 


of. 23 


AMRG 
aaa e' 


27,06 


24.06 


22 (eh 


AMRG 
Sle? 
ENS eG 
25.30 
23.44 


22.34 


SDRG 
32.40 
S355 
eI NAeis: 
29.32 


2 eae 


SDRG 
Bios 07 
34.47 
oles 7G: 
30.20 


28.42 


SURG 
42.84 
30.15 
31.95 
29.07 


ZO OF 


Loe 


AMDF 


SDDF 


Ones 


SDDF 
15.46 
12.70 
11.16 


LOR Os 


PRERDS 


FRFERDS 





FORWARD OBSERVER ERROR MODEL NUMBER 2 


CHARGE: 6 RANGE: 1LOOOOM PER: 34M reps OM 


meoonollh ty OF ERROR IN MAXIMUM ERROR REGLON FPO 725 


ANGLE T: 600Op 


METHOD 


& 


RM3 


RM4 


RMS 


RM6O 


RAD 
56.97 
uo) 
33.14 
31,04 


BS SS, 


ANGLE T: 800, 


ME THOD 


C 


RM3 


RM4 


RM5 


RM6 


RAD 
35.45 
34.99 
eal, O.: 
Zo), 03 


27.94 


ANGLE T: 16007 


ME THOD 


c 


RM3 


RM4 


RM5 


RM6 


RAD 
47.29 
44,96 
42,43 
40, 40 


Bo. 2 | 


AMRG 
48.89 
BoaZ2 
28.59 
26.98 


24.75 


AMRG 
22.01 
ZO. Se 
24,23 
Bee ae 


2,0 i 


AMRG 
25620 
2 ate 
Jae ae | 
21.45 


20.94 


SDRG 
80.14 
39625 
BO se 
34,38 


31.29 


SDRG 
5 eS ¢ 
Bo. a7, 
a0), OS 
27.04 


2008 


SDRG 
Sz Oe 
29.96 
ORE 5) 8) 
26.90 


ZO aaa 


Ss 


AMDF 
ANE SLS, 
14,60 
1S) 2) AL 
12.42 


1 JLA So. 


AMDF 


18.48 


19.13 
16.91 
16.20 


15.22 


AMDF 
Oo 7S 
yaya iL dL 
30.99 


29.62 


SDDF 
223434 
LO oe 
d/o © 
Mey iso 


14,86 


SDDF 
26.36 
Ce venls 
22,64 
21.43 


Io 85 7/ 


SDDF 
47.10 
45.32 
43,10 
41.03 


Se ome 


FRFERDS 


FFERDS 


J UR SYS 


FFERDS 


SDRD 


EAP AL'S: 


1.94 


SDRD 


0.94 


0.70 


On 70 


O27 © 





igo TABULATED RESULTS OF THE X-BAR PROCEDURE 


The tabulated results are generated from the computer 
Simulation (described in Section IV) for the precision fire 
procedure recommended if the forward observer 1s equipped 
with the AN/GVS-3 Laser Range Finder. The contents of this 
Appendix are keyed to the laser system errors in ranging and 
deviation measurements of the actual bursts. In all instan- 
ces a uniform distribution for errors is employed. The 
specific results may be found on the following pages: 

The no error results pages 135 to 139 


Range error='10 meters pages 140 to 144 
Deflection error=12 mils : 


Range error=220 meters pages 145 to 149 
Deflection error=14 mils 


Range error="40 meters pages 150 to 154 
Deflection exrror=78 mils 


The abbreviations used in the tables are as follows: 

RAD -The average radial miss distance. 

AMRG-The average absolute miss distance in range 

AMDF-The average absolute miss distance in deviation 
SDRG-The standard deviation of the range miss component 
SDDF-The standard deviation of the deflection miss component. 
note: the numbers appearing under the ROUNDS column corres- 


pond to the actual number of rounds lased to attain estimate 


of true target center location. 
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LASER RANGE FINDER DATA 


CHARGE : 


RANGE ERROR: OM 


ROUNDS 


4 


5 


5GB 


ANGLE T 


LOpt 


400k 


$7? 


¢ 


RANGE : 


2000M 


PER: 7 


AMRG 
3.80 
3.44 


Se 7) 


c35 


PEe. 


DEVIATION ERROR: Off 


1M 





LASER RANGE FINDER DATA 


SiviGe. SG 


MAINIGE (ERROR ; 


ROUNDS 


4, 


= 
a 


RANGE: 


OM 


ANGLE 


LO 


tt 


1f 


800 


tt 


ff 


160074 


tf 


T 


6O0O0M 


PEK: 


Nate 


13M 


DEVIATION ERROR: Om 


Bl 3) 
SDRG AMDF 
9.81 2.604 
Caon Oe 
7e9l Zoe 
9.59 DAI G ES: 
S18, 247 oO 
8.08 2.70 
9.84 tne TAG, 
8.94 ZwOs 
8.09 Ey! 

1@O.11 Ph 15) 0, 
9.07 2.48 
ity ILA 2.47 
2) IS A) NSIS 
8.48 2602 
Cine 2702 
9.90 2.59 
8.93 (OF 
8.09 2 AST 





LASER RANGE FINDER DATA 


CHARGE: 


RANGE 


ROUNDS 


4 


5 


5WB 


ERROR: OM 


PINGEE 1, 


10,4 


ft 


RANGE : 


> 2 OOP 


RAD 
V2 SZ 
eR ales: 


10.41 


12.09 


Oe 17 


NIG es 
10.69 


10.02 


il. 87 


TOR 7 


eet 


AMRG 
12.20 
11.03 


HOR 


11.90 
Ilys) lt 


9.44 


Hike Se, 


10. 47 


1537 


DEVIATION ERROR: Of 


PED 3M 

SDRG AMDF 
GS) a is Ze Ie 
33.70 ey A490 
ae oe 2247 
14.78 25 5 
ILS ole’ Zea 
Pees 2249 
14.45 IPs a. 
13.34 2.48 
i235 2.46 
14.68 2.49 
bSe25 2.45 
12.24 2.42 
14.67 203 
WS, ul 2310 
Mee eS: DIE 
14.61 2 eos 
Sis Blk Zee 
3S oe Aa 





LASER RANGE FINDER DATA 


CHARGE: 6 RANGE: 8000M PER. 27M PED: 4M 


feeivGe ERROR: OM DEVIATION ERROR: Of 


AMRG 


ROUNDS ANGLE T RAD SDRG 
4 1LOps ear, 16.31 20.54 
5 " AeA 14,32 18.01 
6 as 13.37 12.88 16.30 
4 2007 15.68 15.23 19.00 
5 A 14.02 13.55 16.93 
6 tt 12.98 12346 15.66 
4 AOOp EonGO! gilonl 4 eme2 One. 
5 as 14.83 14,32 7 ao2 
6 i" 13.99 13.50 16.56 
4 600" 16.75 W527 210 Aa 
5 “ 15.07 14273 18.24 
6 tt 13.61 13.19 ono 
4 800fxh 16.99 16.63 20m a6 
5 tt 15.42 15.02 18.74 
6 " 13.88 13.43 16.68 
4 1600" 16.45 1600 20.45 
5 TAL ACIe, 14.45 1shs Ly 
6 MU oa. 12.73 15.98 
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LASER RANGE FINDER DATA 


SHAKGE: 6 


RANGE: 


RANGE ERROR: OM 


ROUNDS 


ANGLE 


LO 


tt 


'f 


"f 


10000M 


RAD 
ZO. 0G 
18.10 


Gea 


19.75 
co. 26 


16.88 


20.09 
18.30 


17.19 


20.90 
eo 


le, 2 


Oe 
18.43 


17.14 


20.95 
18.34 


fe ie 


PER: 


AMRG 
19.51 
17.47 


es) S16. 


19.04 
V7ao2 


16,14 


19.41 
dl nce @ 


és Sul 


20m o 
Leis 


16.47 


19.59 
18.09 


16.41 


Zoe 
US 8: 


16.66 


aks 


34M 


BED: 


DEVIATION ERROR: Op 


SDRG 
24.53 
PAA ays, 


19.74 


PAL PAL) 
Af PS 


20.08 


24652 


N 
rea 
\O 
OV 


AGN ENO, 


PASI oS. 
Coe EAL. 


FAO} A16)// 


Za 65 
laf SA 


2 Oro 


5M 





a 





LASER RANGE FINDER DATA 


CHARGE: 5GB 


RANGE ERROR: 


ROUNDS 
4 


5 


RANGE.) ZOOM 


10M 


ANGLE 


LO 


1 


4.92 
4.15 


3.96 


Sey hy 
4,68 


4.29 


jd) ser 


4,24 


Be 216, 


4,48 


4.11 


140 


7M 


PED: 


DEVIATION ERROR: 2h 


1M 





LASER RANGE FINDER DATA 


CHARGE: 5GB 


RANGE ERROR: 


ROUNDS 


4 


5) 


RANGE: 


10M 


ANGLE 


10,6 


f 


200yh 


f 


ft 


A007 


tf 


ft 


6000M 


PERK: 


141 


13M 


DEVIATION ERROR: 26 


PEeUrei 
SURG AMDF 
10.40 2eGl 
Oe Jk. 2e77/ 
8.42 PAPE) 
10.06 2.74 
SAS, PaO, 
8.23 208 
10,09 2 lene 
9.00 Eade 
TeI92 2377 
9.48 oy ALS: 
re (2k Se (OS 
7298 GyOM 
9.79 oy A! 7 
8.88 SEOs, 
sally 3.00 
9.45 3.46 
Sie 6 S.2k 
7289 Bra 7 








LASER RANGE FINDER DATA 


CHARGE: 


5WB 


RANGE ERROR: 1OM 


ROUNDS 


4 


5 


ANGLE T 


LOy 


tf 


RANGE: 


5500M 


RAD 


ee oS 


Leos 


Ze Oe 


10.92 


INO ALY; 


12.09 


IO). 7/Al 


10.01 


12.09 


Allele 


10.49 


12.47 
eee 


10.17 


Wags 


EI Sy, 


EOS 7 


PER: 


AMRG 
11.68 


LORS 


Lag 20 
10.39 


oes 


11.74 
10.81 


Jee de 


W457 
11.04 


WL} Za 
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DEVIATION ERROR: 2h 


PED: 3M 

SDRG AMDF 
WA 7s a 7o 
Ne 2¥e. 2.69 
12 (OE 2.64 
14,84 2.66 
13.53 2.59 
12.51 2.53 
14.86 2.88 
12.96 Date 
12 2s Be 
1 VAG. De 
13.45 2.85 
te 62 Deas 
15.14 cuanle’ 
13.51 2 Ou, 
12. tl 2.93 
see) 7: ones 
13.85 Sel 
12276 2.11 





LASER RANGE FINDER DATA 


CHARGE: 6 RANGE: 8000M FERS 2/7 PED 4M 


RANGE ERROR: 1OM DEVIATION ERROR: 276 


AMRG 


ROUNDS ANGLE T RAD SDRG 
A 10" 15.94 15.45 Lor, 49 
5 " 4.68 LAs 17.45 
6 a 13.25 Lee Th 77 
A 200K 15.95 15.45 19.14 
5 a 14223 13361 16.98 
6 "1 18.04 12.30 15.48 
A AOOs 16.03 15.46 19.41 
5 a I 97 7 L452 ley Fie 
6 i 13.63 Nese 16206 
4 60075 16.46 153377 20.20 
5 . 14,69 13.98 17S 
6 _ 13.53 122.9% 1o225 
4. 80Oph 17.15 16, 56 20572 
5 ss 15.51 Tan ot 18.60 
6 " AEG 13.55 16. 97 
4 1600/4 16226 15.55 19.40 
5 " 1425 1 13.78 L7 232 
6 " 12228 12 252 15.58 
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LASER RANGE FINDER 
CHARGE: 6 RANGE: 
RANGE ERROR: 10M 
ROUNDS ANGLE T 
4 10x 
5 "f 
6 tf 
4 20074 
5 ft 
6 tft 
4 AOO 
5 qf 
6 ft 
4 600% 
5 "ft 
6 ft 
4 800% 
5 "? 
6 tf 
4 16007 
5 tft 
6 A | 


DA TA 


1Q0000M 


RAD 
20.70 
IS 285: 


eS 


ZeaeN5 
AO ONS: 


16.10 


20.46 
18.69 


Ue ese! 


19.89 
18,42 


17.00 


AAT IO, 
18.69 


This dS: 


ANON SKI 


oes 


VOn.O5 


PER ao 4M 


DEVIATION ERROR: 


AMRG 
20.00 
18.06 


16.83 


21435 
19.32 


feed 


Woy eye 
17230 


Ii (OS 


19.06 
ie OO 


ono? 


20.40 
wrecks) 


16,42 


19.58 
ie oe 


15.78 


144 


ea ce) Be 


29h 


SDRG 
Zo goe 
eg OD 


2l.Ol 


Zale 
24.40 


EA ye 10, 


24,24 
22e11 


ERO! Lie 


PAS LO: 
22 Oe 


FAO) 27) 


24. 69 
faders (ol 


JE ois .5)1 


5M 





LASER RANGE FINDER 


CHARGE: 5GB 


RANGE ERROR: 20M 


ROUNDS 


ANGLE T 


LO 


tf 


tf 


800ph 


tf 


160074 


DATA 


RANGE: 2000M 


PER? 27M 
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je) SION 


DEVIATION ERROR: 4/4 


1M 





ipo kK RANGE 


WankGE : 89GB 


RANGE ERROR: 


ROUNDS 


FINDER DATA 


RANGE: 


20M 


ANGLE T 


LOW 


"{ 


8005 


7? 


16007 


6000M 


DEVIATION ERROR: 41 


Pek = 2b SM PED: 3M 
AMRG SDRG AMDF 
9.22 11.49 ies ok 
e222 LO five Sa.c0 
1645 9.39 3.19 
So.44 HOw. 7 3,44 
7 Ss O55 ores 
6 0 Sey 5,19 
‘Si oll 10,40 53.90 
7.604 9.47 522.0 
6,95 8. Oo Sieh 
8.41 102,60 4.06 
ire a: 2 Pas Sale 
Oo 5 8.59 Sie PS. 
OF Li s2s 4.27 
8.08 9.90 3.95 
Tie 8.98 SPI ie, 
See LO. 25 5 116, 
7248 9,10 ALS) GE 
6266 See ANAS: 
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SDDE 
4.25 


Si) 





LASER RANGE FINDER DATA 


CHARGE: 


5WB 


RANGE ERROR: 20M 


ROUNDS 
4 


i) 


ANGLE T 


10,” 


"7 


RANGE : 


ea OOM 


RAD 


3655 


OPA re 3. 


10.79 


L333) 


nies 


NOs Ak 


ISO 
11.40 


Ono 


ee 
11.48 


OES: 


Js 240 
Dros 


10.44 


eae 
2 ley 


10.94 


PER 2 OM 


AMRG 
toe ou 
dT Eel 


Oye 


Vig 
11.49 


10.20 


12 e 
10.79 


NO ky 22'S, 


147 


EPED: 


DEVIATION ERROR: 4p 


SDRG 
Ibo JCS: 
14,07 


2. od 


15.80 
14,21 


wou 


15.34 
13.54 


12.77 


15.07, 
13.47 


11.92 


1a O77 
Hee 


12,08 


4. 7, 
13.45 


N20: 


13M 


SDDF 


4,43 


Asis 


Sreiil 


LASER RANGE FINDER DATA 


CHARGE: 6 RANGE: SOOOM Fens e724 PED: 4M 


RANGE ERROR: 20M DEVIATION ERROR: 4/4 


ROUNDS ANGLE T RAD AMRG SDRG 
A LO; 1. 2S om ZOmN 2 Ours 
5 . L501 w9.33 19.08 
6 " 14.32 We exe, yah 
4 20074 imommere) Son 1S is) 7 
5 se As OOls Mita aee ela 
6 . 13.65 12.805 15.90 
A 400f le7e45 Mee 72 2OmGA 
5 cs 15.95 5.27 S262 
6 . 14.45 13.75 17703 
4 600K 16.99 6502 see2Oe24 
5 mn 15.73 14.81 LS eo 
6 ‘ Ne Meals Veale): 16.57 
4 800," D725 916.4600) Onss 
5 i 15.42 14.33 17.94 
6 HL 13.98 W232 Ios IE 
4 1600," incall 16.04 Hhree 
5 A 15.35 Wt. 15 17.64 
6 " 1421059 12,0400 lose 
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LASER RANGE FINDER 


BaAkGE: © 


RANGE : 


RANGE ERROR: 20M 


ROUNDS 


ANGLE T 


10,44 


tt 


tt 


DA TA 


10000M 


RAD 
Aes) 
20 ales 


ite} ons) 


21.42 
19.07 


17.88 


Ze geil 
19.98 


18.28 


20270) 
ier o 


17.46 


20.30 
iejg as 


LEAS 


21.10 
19.06 


iver (ee 


PER: 34M 


DEVIATION ERROR: 


AMRG 
2076 
Loe e2 


7 on 


20.48 
18.74 


16.89 


Pon a A |, 
19.00 


17.20 


19.36 
17.41 


16.24 


19.18 
iy) Gye: 


Oo, OS 


19.43 
17.46 


16.12 


149 


PED: 


Arf 


SDRG 
ZOO 
24,24 


gills ae 


25.69 
Ce, 


21.06 


ZO oS 
25.5 


21.59 


24,59 
Ze 0S 


20.42 


24.09 
PA (615 


Weg 1S 


24.58 
PL AS 


205.2G 


Bu 








ASE] 


CHARGE : 


leis) 


RANGE FINDER 


RANGE ERROR: 40M 


ROUNDS 


ANGE f 


10,4 


600-4 


19 


1 


DATA 


RANGE: 2000M 


PER: 7M 


DEVIATION ERROR: 


150 


as] Ds 


UPS 77 


LOgst 


9.54 


io 


10.10 


10.04 


7299 


1M 





LASER RANGE FINDER DATA 


SrA kee: 5G 


RANGE ERROR 


ROUNDS 


RANGE: 60O00M 


: 40M 


ANGLE T 


mney 


600% 


tf 


tft 


soon 


tf 


16007 


ft 


RAD 
Se 
2.50 


a © 


re © 
1.65 


LO 2 


eat) 7 
Nal SYys 


10.47 


14.24 
Ns 


Or 


Ms AAS: 
dial Wes pS, 


IGSGe 


N65 fas 
12.34 


JIS Lev 


Pie 


AMRG 
12.28 
LAO 


9.79 


sie Bree 


Ose 


10.99 
9. 91 


8.95 


te Oe 


10,41 


el 


ES) 


DEVIATION ERROR: 8p 


PED 2a 

SDRG AMDF 
5.24 Spee @, 
P3367 Ah 
Ze 74 ie Bo 
14.29 5.34 
V2 To 4,83 
ics 4,44 
errors 6.04 
23 Ae 5.24 
Leeke 4.78 
14.38 7PLO18) 
12303 6.2.20 
11.99 DOG 
LZe7 6 7245 
Be ed ©.50 
tO. 24 Oi 2 
1.26 oO 10 
10.30 7.95 
9.44 Ti APRS 





LASER RANGE FINDER DATA 


CHARGE: SWB 


RANGE ERROR: 40M 


ROUNDS 


4 


5. 


ANGLE T 


10-6 


tf 


600 


"1 


ft 


8 0O0ph 


tf 


160074 


tft 


RANGE: 


5500M 


RAD 
On. 20 
14.45 


12.90 


16.69 
14,64 


gs ye is. 


16.58 
14,45 


13,04 


ioe 79 
14,65 


jbSieee)r= 


iS 
15.03 


ILS wots 


O55 7 
14.85 


13.84 


Pikes, ZO 


AMRG 
15.07 
13.40 


dele OD 


EGO 
13.46 


1 eee 


14,606 
12.99 


Diese 


14.54 
AAS RS: 


11.72 


14,07 
tZ. 55 


11.10 


12.45 
L1l.22 


Oe 


2 


DEVIATION ERROR: 8p 


PEDita oN 

SDRG AMDF 
18.74 5.06 
OR oa 4.60 
14.97 4.19 
19.08 5.47 
16.79 4,86 
15.40 4.61 
18.61 6.16 
16.45 5.43 
14.58 De LO 
18.12 6.96 
15.79 Oe IL 
14.59 See 
UF TES: So.20 
P29 Tec 
14.07 O07 
Looe 9.30 
14.08 mc) U0) 
JAAP RS) ©: Ge TS 





LASER RANGE FINDER DATA 


CHARGE: 6 RANGE: 80Q00M FER. 270 PED: 4M 


RANGE ERROR: 40M DEVIATION ERROR: 8 


ROUNDS ANGLE T RAD AMRG SDRG AMDF SDDF 
4 LO 1@).€2 18.39 2S ela 55 HG 7 “ees 
5 WHS Ee 16.70 20.88 5.34 Gnc2 
6 u, 16.19 14.98 18.69 5.11 6.34 
4 20074 Lee V5 i724 oe Ol 5582 7.27 
5 lier 2 T6000 20526 5.59 6.88 
6 A 16.25 14.88 Seo ey 6.50 
A AOOpS 19.43 We hs DDR 6220 Ga: 
5 17 02 15.45 19623 5.82 7 ea 
6 HN iis Gall 14.43 N7aoe 5.40 6.69 
A 600i Os Gal 17,40 72.35 7 ely 2615 
5 i ion 15.64 19.39 6.56 8,22 
6 : 16.48 14.62 1S cal 6.20 a7 
A 800p4 19.91 17.19 21.33 S22 4a dO ne2 
5 : Ne ee 14277 welessS 7.13 8.98 
6 f jon s10 ee Ce 16.88 Go? 8.39 
A 160074 Ane) Ke 5 7 20.98 9.81 12.25 
5 : es Coes 116 18.84 9.18 11.30 
6 tt 16.80 13.44 @lgs03 6220 Miilores 


ee 


LASER RANGE FINDER DATA 


CHARGE: 6 RANGE: LOOOOM PE eo 41 Pie ol 


RANGE ERROR: 40M DEVIATION ERROR: 8p 


ROUNDS 


ANGLE T 


1LOps 


RAD 
eon he 
AOI. 


19.34 


234335 
COnle 


To se 9 


oe © 
20.88 


19.14 


2 oe 2s 
FNS 


19.88 


AA IS 
20.89 


19.38 


23.25 
21.09 


19.67 


AMRG 
21.19 
VD 6 See 


17.99 


21.06 
197.20 


17.85 


21.08 
19.00 


17.38 


22.14 
19.49 


18.04 


20.21 
Neer eS 


BP? 


ooo 
17.84 


16.61 


154 


TES NO, 
24.37 


226 (4% 


2On © 
2 Og oe 


22201 


EATS) 0: 
24,41 


oe te 


262 
Be AS 


Ce 7 I 


24,70 
Zee 4] 


20.67 


SDP 
Tee 
7TG59 


7FOO7 


ee oe 
11.07 


LO. S6 





APPENDIX E FI 6-40 AND ROBBINS-MONRG CNE ROUAC FRECISICNK 


FIRE SIMULATICN PROGRAM LEISTING(SiIPELE MODELG 


freee URPOSe OF THIS APPENDIX 1S tC PROVIDE Tre COMPUTER 
PROGRAM LISTINGS OF THE FM 6-40 AND ROBBINS-MONRO GNE ROUND 
Meee@rlolCN FIRE TECHNIQUES DESCRIGED IN SECTION IV.IFE ALPEA= 
BETICAL LISTIAG AND DESCRIPTION OF VARIABLE NAMES COMMON TO 
Eat Pe REGRAMS 15 AS FOLLOMS: 


ARBSAV- AVERAGE ABSCLUTE REGISTRATION RANGE ERROR 

ACJCI~  REGISTRATICN RANGE ERROR 

AV- AVERAGE REGISTRATION RANGE ERRGR 

AVRCS- AVERAGE NUMBER CF FIRE FCR EFFECT RCUNDS 

CENTER- THE MEAN OF THE FORK BRACKET 

CCLNT- OBSERVER SENSING OF OVER ANC SHCRT RCUNDS 

IEF TEE DIFFERENCE BETWEEN CVER AND SHCRT SPOTS 

IN- POSITIVE SPOT INDEX 

I X- RANDOM NUMBER SEED 

J- MISSICN COUNTER 

KB- RANDOM NUMBER INDEX 

v— ADJUSTMENT PHASE ROUND INCEX 

N- FERENFGR EFFECT ROUND INGEX 

\ES PESITIVE RANGE SPGT ROUNC INDEX 

NITER- SPECIFIES THE NUMBER OF RCUNDS TCG FIRE FOR 
EACH PRECISICN MISSICN 

NO- INDEX FGR NUMBER OF MISSICNS TO BE SIMULATEC 

NRCUND- SUM ‘OF ALL ROUNDS FIRED IN THE FIRE FOR EFFECT 

PHASE 

Ws PESITIVE RANGE SPOT INDEX 

OR1- OVER SPOT CORRESPONDING TO RANGEL 

OR2Z- OVER SPGT CCRRESPONCING TC RANGE2 

CTFER= APPROPRIATE ENC OF ThE FIRE FOR EFFECT FORK 
BRACKET AT WHICH THE LAST TWO RCLALCS WERE 
FIRED | 

OVER- OVER SPOT 

PE- FOUR RANGE PRCBABLE ERRCRS(FORK) 

PER- PROBABLE ERROR IN RANGE VALUE 

PERR- PRCBABILITY CF CBSERVER SENSING ERRCR 
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THE CIFFEREACE BETWEEN BURST IMPACT AND TRUE 
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SUM OF REGISTRATION RANGE ERROR 

SEE RANGE 

SUM OF SQUARES GF REGISTRATICN RANGE ERRORS 
NORMAL N(€QsL) RANOCM NUMEER 
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STANDARD CEVIATION OF AVERAGE FIRE FOR EFFECT 
ROUNDS 

CBSERVER SENSING OF OVER 
CBSERVER SENSING OF OVER 
SHCRT SPOT CCRRESPGNCING TC RANGEL 
SHCRT SPOT CCRRESPGNCING TC RANGEZ 
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RANGE CORRECTICK AFTER EACH FIRE FER EFFECT 
REUND GF ROBBINS-MONRO PRGCEDURE 


ANG SHORT IMPACTS 
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APPENDIX F FM 6-40 ANC RGBBINS-MONRG CNE ROUNAEL PRECISICK 
FIRE SIMULATION PROGRAM LISTING 


THE PURPCSE CF THIS APPENDIX IS TC PROVIDE TFE COMPUTER 
FROGRA® LISTINGS OF THE FM 6-40 AND ROBBINS-MONRO ONE ROUND 
PMeEGisiCN FIRE TECHNIQUES DESCRIBED IN SECTION IV.THE ALFEHA-— 
BETICAL LISTING ANC CESCRIPTICN GF VARIABLE NA®ES CCMMCN TO 
Bier RCCRAMS I$ AS FOLLCWS: 


A> TARGET SEMI-MAJGR AXIS LENGTH 

ACUT- NU@EER OF PETERS CORRES PENDINGHTG © ARR SS aie s 
AT GUN TARGET RANGE 

ACJCI- noGiStRATIGNVRANGE ERROR 

yO CONTROL VARIABLES FOR ROUND OFF RULES [IN CCr— 


PULING WiS> DISTANCES 
=2eQ0 NQ ROUNCING OFF 
ZeG ROUNDING TG NEAREST kECLE ITATECER 


AFNIS— SUM OF ABSCLUTE REGISTRATIGN DEVIATICN ERRGRS 

ANGFO- THE TRUE ANGLE T | 

ANGLT- THE GBSERVER REPGRTEC ANGLE T IN PILS 

AEL- CEFLECTION CORRECTICN CORRESPONDING TG HALF § 
MILS 


AVCFER—- AVERAGE REGISTRATION DEVIATICN ERRCE 

PYelebo=- AVERAGE NUMBER CF ROUNOSSEIRED eGR eA REGISTRA] 
T.ICN 

AVMRE- THESMEAN RADIAL MISS DISTANCE OF@EAST ADJUST-= 
MENT PHASE RCUND 

AVMISS—- AVERAGE RANGE ERROR OF A REGISTRATICN 


AVRDS- AVERAGE NUMBER CF RCUNDS TC FIRE A RECISTRAT~ 
ICA 

AVRGER—- MEAN RANGE ERROR OF REGISTRATION 

i= TARGET SEMI-MINCR AX BSC EC rie EES 

fe GUN CREW. ERRORBSTANCARDVEEVIATTION IN SETTING 
DEELECTION IN 1 MIR VINCKRERENTS 

BR- GUN CREW ERRCR STANCAROG CEVIATION IN SETTING 
ELEVATION IN O41 MIL INCREMENTS 

Bens CBSERVER ESTIMATE BURST WISS BISTANCE IN RANGE 

C= THE COMPUTED C-FACTCR 
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CCMMON FUNCTIONAL ROUTINE LISTING FOR THE FR 6~-4C AND 
TFE ROBBINS-MONRC SIMULATION PROGRAMS 

PorveriGnh DEISNS (X3sV¥;Z-h} 

PieoeereunNol iON DETERMIAES OBSERVER OVER AND SHOR? BURST 
Sreaoe min > 19S OBSERVER 'ERRGR MOCEL #1 AS LESCRIBED IN 
APPENDIX A 

Ramee olkVER RANGE PISS CISTANCE 

MeomeempserRVER DEFLECTION MISSIDISTANCE 

GemNOLCATES TF CBSERVER SPUY ERRCR [S59 "Ee APRELEL 
Wes FROBABILITY OF CRESERVER CVER-—SIFCRT SPCT ERROR 

TSG Stn eet 1 ee DOS971GO Tu 

SNS=X 

tT=h 

Met Zect eosco TO 2 

CL Gaz 

SAS=0.0 

MET SNS=SNS 

RETURN 

END 

FUNCTION DBTSNSCXs¥s3Z9WQ 

Me SmeeNnCTEGN DETERPINES GCBSERVER CVER ANE SrFCRY SEURSH 
meOtioetpis 1S OBSERVER ERROR MODEL #2 AS CESCRIBED Ii 
AFFENDIX A 

X- OCBSERVER RANGE MISS DISTANCE 

PeeeoseRVvVER DEFLECTION FPISS DISTANCE 

7Z- INDICATES IF GQBSERVER SPOT ERRCR IS TO BE APPLIEC 
w~- PROBABILITY OF GBSERVER CVER~SHCRT SPCT ERRCR 

B- FROBABILITY CF CCLETFUL SPOT : 

B=, 3552 

A=RAN(1) 

Tak 

SNS=X 

LPC ZeG1~0I1GC TO 2 

Peet 47N) Giclee (3176S i190" s 

wth soacu IG | 

IF(AeLT-(8+T) )SNS=-SNS 

GC TO 2 ’ 

T=C 02 

PCA LI e«TISNS=-SNS 

GC TO 2 

SKS=0.0 

DBTSNS=SNS 

RETURN 

PAL 

FUNCTION ERRDF(X, Y) 

TeMSweEURCTICN DETERMINES OBSERVER'S ESTIMATE ChE ACTUAL 
Meee GiON MISS DISTANCE OF IMPACT.. THE EslIvVATE Rs 
ae ha TC A 5 MIL ERROR UNIFORMLY DISTRIELTIECD 
U(-5MILSst5MILS) 


X- CBSERVER TARGET RANGE IN METERS 
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APPENDIX G X-BAR PRECISIGN FIRE SIMULATICN PRCGRAM LISTING 


fimoeeURPOSE OF THiS APPENDIX IS TE PROVIDE THE COMPLTER 
PReGmAr SEESTIANG OF THE X-BAR PRECISION FIRE SYSTEMS SIMUL= 
ibeeiweeser Re SENT G&D IN SECTICN Vetis—E VALPEABETICAL LISTING AND 
CESCRIPTICN OF VARIABLE NAMES USEC WITEFIN THE FRCGRAM ARE AS 
pO LLChS: 


A- TARGET SEMI—~MAJOR AXIS LENGTH 

AC JCI~ REGISTRATICN RANGE ERROR 

ALP CCNTROL VARIABLE FOR ROUND OFF RULES IN CCM- 
PUTING MISS DISTANCES 
—2.0 AG RCUNCING OFF 
220 ROUNDING TO NEAREST WHOLE INTEGER 

AF NI S- SUM OF ABSCLUTE REGISTRATICN DEVIATICA ERRCRS 

ANGFO- THE TRUE ANCLE T 

ANGLT= THE OBSERVER REPORTED ANGLE T IN WILS 

AVCFER- AVERAGE REGISTRATION DEVIATION ERRCR 

AVJRCS- AVERAGE NUMBER OF ROUNDS FIRED FOR A REGISTRA- 
TICN 

AVMISS— AVERAGE RANGE ERROR OF A REGISTRATICN 

AVRGER- AVERAGE RANGE ERROR 

B- TARGET SEMI~MINOR AXIS CENGTH IN METERS 

eC- GUN CREW ERROR STANCARD CEVIATION IN SETTING 
DEFLECTICN IN L MIL INCREMENTS 

RR- GUN CREW ERRGR STANCARD CEVIATIGON IN SETTING 

| ELEVATION IN 0.1 MIL INCREMENTS 

C— THE COMPUTED C-FACTCR 

Ct ECK- DEVIATION ERROR OF REGISTRATION IN METERS 

CCRR- FIRE DIRECTICN CENTER CCMPLTED RANGE CCRRECT- 
IEN 

CT- COSINE OF ANGLE T 

CTl1- COSINE OF TARGET ORIENTATICN ANGLE 

CTFC- CCSINE OF TRUE ANGLE T 

DEFAPL- TCTAL DEFLECTICN CGRRECTICNS APPLIEC IN METERS 

CEFLEC- CEFLECTIGN DIFFERENCE BETWEEN AIM PCINT ANCE 


eG ow ARG Et eC ENige Ree Eic ix 
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DEFTRY~ 
DF~ 


DFMISS- 
DFS¢- 
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CS 
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JROS— 
JSG- 
KTGT- 
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MISTOT- 
MTGT- 
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Ni LER 
NCTRGTI-= 
NR FRO- 


CEFLECTION CORRECTION TRIAL COUNTER 

GUN TARGET BURST DEFLECTICN MISS CISTANCE IN 
METERS 

SUM OF REGISTRATION DEVIATICN ERRCRS 

SUN OF SCUARES CGF REGISTRATION DEVIATION ERR- 
CRS 

MEAN ABSCLLUTE REGISTRATICA DEVIATICA ERROR 
SQUARE OF RACIAL MISS DISTANCE 

LASED BASE RANGE ERROR 

FIRE CIRECTICN CENTER CEFLECTION MISS DISTANCE 
FIRE CIRECTIGN CENTER RANGE MISS CISTANCE 

TRE STANCARC CEVIATION GF ANGLE T ERRCR IN 
MILS 

BURST DEVIATICN MISS DISTANCE IN METERS IN TEE 
OBSERVER TARGET COORDINATE SYSTEF 

CESERVER ESTIMATE OF DEVIATION MISS CISTANCE 
BURST RANGE MISS DISTANCE IN METERS IN THE CB- 
SERVER TARGET COORDINATE SYSTEM 

CBSERVER ESTIMATE OF RANGE MISS DISTANCE 
POWDER CHARGE PARAMETER 

CCNTROL VARIABLE FGR SPECIFYING ANGLE T 
NUMBER OF RCUNDS FIRED IN A MISSICN 

SQUARE OF NUMBER OF RCUNDS FIRED IN A MISSICIK 
TARGET HIT CONTROL VARIABLE 

CUMULATIVE TCTAL NUMBER CF TARGETS STRUCK 
RACIAL ERRCR CF A REGISTRATION IN METERS 

SUM TOTAL OF ALL RADIAL ERRCRS 

CESIGNATCR FCR TYPE CF KISSIGN TC EVALUATE 

O IMPLIES REGISTRATION 

1 IMPLIES DESTRLCTICN 

RCUNCS FIREC CCUNTER 

MISSIONS FIRED COUNTER 

POSITEVELY SPCTTED RCUNC 

NUMBER OF TARGETS STRUCK 

NUMBER OF RCUACS FIRED 
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S SEM 
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SUP SUP IE SQUARES CE REGCISIRAT TEMA CER Ro 
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TABULAR FIRING TABLE GUN TARGET RANGE 
STANDARD DEVIATION GCF AVERAGE REGISTRATICN 
CEVIATION ERRCRS 

STHANCARD CEVIATION CE RGUNRES FIRECSFOr eA ReEC- 
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STANDARD DEVIATION CF DEVIATION ERRCRS OF A 
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STANDARD DEVIATION OF AVERAGE RANGE ERRCRS CF 
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RANDOM NUMBER CENERATOR INITIALIZER 

SIN OF ANGLE T 
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OBSERVER BLERST AZIMUTH LASING ERRCR IN MILS 
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